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ABSTRACT 

In this paper methods for determining elements of eclipsing binaries from an analysis of their light- 
curves are re-examined. The basic idea of Russell’s well-known method is to determine the ratio of radii k 
with the aid of one or two fixed points of the light-curve and of tables devised specifically for this purpose. 
This is sound in principle if the eclipse is total or nearly so, for in such cases & is an inherently well-de- 
termined parameter. The adoption of fixed points is, however, not essential to the orbital problem. As 
will be shown (sec. 4) the ratio of radii and the remaining geometrical elements’ of a system can be de- 
termined simultaneously by a simple graphical procedure, which is essentially equivalent to Russell’s 
but is without recourse to any fixed point and without calling for tables of special functions other than 
pl ka) 

In the case of partial eclipses Russell’s method proves less satisfactory. The x-function introduced by 
Russell for determining & is one of three independent variables (%, ao, 2), only one of which is known from 
observations (7). In consequence, if the observed normal points—not a freehand curve—are to serve as 
basic material for the orbital analysis, as many tables of the x-functions are required as are necessary for 
interpolating values of the x-functions with suflicient accuracy for any fractional value of n. This would 
require construction of many more x-tables than are available at present—not to mention the difficulty 
which the use of so many tables would entail in practice. 

The main objection to the applicability of Russell’s method for partially eclipsing systems concerns, 
however, the choice of & as the principal parameter defining a curve. For the nature of the problem is 
such that with diminishing depth of the eclipse & becomes progressively less and less determinate until 
for, say, ay <0.4 attempts at determining & may lose any meaning. As will be shown (sec. 10) the only 
parameter which light-curves of partial eclipses define with any accuracy is 7,7,/sin? i, not the ratio of 
the radii. Analytical and graphical methods for determining this quantity by rapidly convergent suc- 
cessive approximations will be discussed (secs. g-10), and the amount of information that can be ob- 
tained from this parameter alone will be investigated (sec. 11). The only tables required to render the 
procedure of sections g-11 practicable and easy of application are again those of p(k, a). 


INTRODUCTION 


1. The determination of elements of eclipsing binary systems from an analysis of their 
light-curves has, in receut decades, become a current problem of astronomical research. 
A systematic and elegant procedure for deriving elements of systems which consist of 
two spherical components appearing as uniformly bright or as limb-darkened disks was 
devised by Russell and Shapley,' and subsequent modifications of the basic method have 


I 


Ap. J., 35, 315; 36, 54, 230, 385, 1912 
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been proposed by several writers.? In reality, however, such a model can be regarded as 
a fair representation of reality only if the components are distant; if they are close and if 
phenomena arising from the mutual distortion of both bodies can no longer be ignored, 
additional light-changes will be invoked by (1) the distortion of both components due to 
the tidal and centrifugal forces, (2) the effect of gravity on the distribution of surface 
brightness, and (3) the reflection effect. In its general scope the problem of determining 
the elements of an eclipsing system from the observed light-changes may become one of 
great complexity, and it is advisable to approach it in steps. Let us start with a solution 
appropriate to the simplified case of spherical components revolving in circular orbits, 
If this can be modified by a practical method to take account of the complicating effects 
arising from the distortion in form or of the orbital eccentricity, the problem still admits 
of a solution. If, however, such a procedure fails, the problem is believed to become in- 
determinate. 

Thus, in the present state of research, the derivation of a preliminary orbit based upon 
an assumption of spherical disks is basic to the solution of the general problem. In the 
present paper the methods for determining such a preliminary orbit will be reinvesti- 
gated. Following a brief outline of the problem (sec. 2), it will be shown that the elements 
of totally eclipsing systems can be obtained by simple graphical methods requiring tables 
of no special functions other than those of p(k, a). Sections 5-8 will be devoted to an 
analysis of partial eclipses; the extent of inherent indeterminacy will be investigated, 
and formulae will be generalized for any intermediate degree of darkening. 

Irrespective of whether the preliminary elements are eventually adopted as final or 
are to serve as a basis for subsequent modification, it will be equally desirable that they 
correspond to reality as closely as possible. Inadequate preliminary elements can 
naturally be improved by the conventional variation of constants or by least-squares 
corrections, but as a rule only at the expense of an undue amount of labor. In order to 
avoid unnecessary computation, in sections 8-11 of the present paper a simple method 
will be developed for improving the preliminary elements by means of rapidly convergent 
successive approximations—still regarding both components as spherical—and of 
establishing in this manner an “intermediary” orbit. This method is equally applicable 
to any type of eclipse; the only tables necessary for practical use are again those of 
p(k, a). It requires no previous comparison with observations; it employs the principles 
of least squares, but in an incomparably less laborious way than in the conventional 
variation of constants or in the method of least-squares corrections; and it not only 
yields the most probable values of the elements, but it also gives a good idea as to their 
probable errors and the general determinancy of each particular case. 


EQUATIONS OF THE PROBLEM 


2. The fundamental equation of the restricted’ problem giving the apparent distance 
of the centers of two spherical stars moving in circular orbits is 


sin? 9 sin? i + cos? 7 = ri(1 + kp)’, (1.0) 


where @ denotes the mean anomaly (phase angle), 7 the inclination of the orbital plane 
to a plane perpendicular to the line of sight, r; the radius of the larger component of 
the two, & the ratio of radii r,/r,;, and p the geometrical depth of the eclipse defined by 
equation (1.0). The radius of the orbit is adopted as our unit of length. 

Further, let 7 denote the luminosity of the system at any moment and let \ be the 

2 Fetlaar, Utrecht recherches, 9, 1, 1923; Krat, Russ. A.J., 11, 412, 19343; 13, 521, 1939; Piotrowski, Acta 
astr., Ser. A, 4, 1, 1937- 

3 T.e., both components are regarded as circular disks with radially symmetrical distribution of bright- 


ness. 











we 








ELEMENTS OF ECLIPSING BINARIES 147 


luminosity at minimum light, both expressed in terms of the combined light of the 
system as a unit. Then, at any moment, the fractional loss of light a expressed in terms 
of the light that would be lost at the moment of internal tangency is given by 

1—l/ 


1 (2) 


where a, is the maximum loss of light at the moment of conjunction. If the eclipse is 
total, then, during totality, a, obviously becomes unity; and so it is during an annular 
eclipse of a uniformly bright star. In such a case a is obtainable directly from observa- 
tions with the aid of equation (2). If, however, the eclipse is partial, a, is smaller than 
unity; or it may exceed it during the annular eclipse of a darkened star. In such cases ao 
becomes an unknown to be determined by future analysis. 

On the other hand, from the geometry of the eclipses it follows that 


a a(k, p). (3) 


The explicit form of a(k, p) depends, of course, on the intensity distribution over the 
apparent disk of the eclipsed star. We presume that this is given by the well-known 
cosine law 

J=Jj(1—u+u0cos y), (4) 


where J denotes the “‘local’’ surface intensity, J, that at the center of the apparent disk, 
y the angle of foreshortening, and wu the coefficient of darkening of the respective star. 
If the disk is uniformly bright (# = 0) or is completely darkened at the limb (# = 1), 
the explicit forms of equation (3) are known;4 and for any intermediate degree of darken- 
ing a can be obtained by simple interpolation. 

Inverting equation (3) we may put 


p = plk, a) ; (5) 


but unless « = o, k = o, the function p(k, a) does not admit of an algebraic representa- 
tion, and the inversion can proceed only numerically. Extensive tables of p(k, a) for 
u = 0, 0.2, 0.4, 0.6, 0.8, and 1 have recently been completed by Zessewitsch.s 

The basic equations of our problem are evidently (1.0), (2), and (5). The way in 
which they are combined to obtain the solution depends on the nature as well as on the 
general characteristics of the eclipses. 


rOTAL ECLIPSES 
3. An analysis of the light-changes in a minimum which is due to a total eclipse 
presents a relatively simple case. Of the quantities involved in the fundamental equa- 
tion (1.0) two are supplied by observation (6, a) and three are unknown (rn, 72, 7). 
Therefore, three equations of the type (1.0) are required for the complete solution of our 
problem. 
Let us abbreviate, for the sake of simplicity: 


sin? 6 > 
(1+ kp? =F 


+The explicit expression for a(U’) is trivial; for a(D) cf. Zessewitsch, Bull. Astr. Inst. Leningrad, 
No. 45, 1939, and No. 50, 1940. 


bid. A “tuniform”’ table of p(k, a) has also been computed by Hetzer (diss., Leipzig, 1931). 
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It is evident from equation (1.0) that this equation should, in the X-F co-ordinates, be 
represented by a straight line. In reality, however, the quantities X and F are not inde- 
pendent. The observed light-curve supplies us with an empirical relation of the form 


sin? 6 = f(a) = ok, p), 


and our task is to investigate the conditions under which such a relation can render 
equation (1.0) an equation of a line. A necessary and sufficient condition that any three 
points should lie on the light-curve is 


sin? 6, (1 + kp;)? I 
sin? 6; (1 + kp;)? 1} =o. (6) 
sin? 0, (1 + kp,)? I 


This equation involves & as the only unknown. Therefore, equation (1.0), re-written in 
the form 
: We oa . i 
X = . F(k, X) — cot?1, (1.1) 


sin? 2 


becomes, in the Y-F co-ordinates, that of a straight line if, and only if, & satisties equa- 
tion (6). 

In order to solve equation (6) for k, Russell® recommended the adoption of two stand- 
ard points on the light-curve for which a = 0.6 and o.g, respectively. If the phase 
angles at these moments are 6(0.6), 6(0.9), and if po, p, are the corresponding geo- 
metrical depths, then equation (6) can be reduced to 


sin? @= A + ByYy(k, a) , (6.1) 
where 
A = sin? 6(0.6) , 
B = sin? 6(0.6) — sin? 0(0.9) , 
and 


ON ee as Rk il 
(ps — Po) + 2(Po — Po) 

Given k, the ¥-function is evidently proportional to F; consequently, in the Y-y co- 
ordinates and with the proper value of k, equation (6.1) should also be represented by a 
straight line. But, while in equation (1.1) the constants specifying the slope of the line 
were unknowns to be determined, the purpose of Russell’s procedure is to eliminate un- 
known terms and replace them by other auxiliary constants whose values can be taken 
from a light-curve drawn empirically to follow the course of the observed normal points. 

It should, however, be borne in mind that our real purpose is to represent the observa- 
tions, not the freehand curve. The values of 4 and B, taken from such a curve, are sub- 
ject to both systematic and accidental errors, which are likely to influence the determina- 
tion of k. Instead of assuming definite values of A and B, we may determine their most 
probable values from different points of the light-curve by adjusting & empirically until 
equation (6.1) can, in the X-y co-ordinates, be represented by a straight line.’ The most 


CAP: J 38; 32S, 1012. 


7 This device is due to Dr. Shapley 
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probable values of A and B then follow from the intercepts of such a line, and the re- 
maining geometrical elements can be obtained from the fundamental equation (1.0) 
written out for our two standard points. Special tables to facilitate such computations 
were constructed by Russell and Shapley.’ 

4. This procedure, however, appears to involve an unnecessary complication. If, as 
will generally be the case, the constants A and B cannot be inferred directly from the 
observations with sufficient accuracy and require subsequent improvement, the elimina- 
tion of the unknown constants from equation (1.1) with the aid of two standard points, 
which is essential to Russell’s method, loses much of its justification. If the correct values 
of A and B are to be found by fitting equation (6.1) to a straight line, it appears more 
logical to apply the same procedure to the fundamental equation (1.1), which can yield 
k and the remaining geometrical elements simultaneously and without intervention of 
any auxiliary constants. Thus we propose to determine the ratio of radii of both components 
from such a value of k which renders equation (1.1), in the X-F co-ordinates, the equation of a 
straight line. The remaining geometrical elements then follow directly from the properties of 
such a line. 

The determination of k must proceed by trial and error. Its rough value may, how- 
ever, be estimated from the duration of the partial and total phases. If, in the first ap- 
proximation, we assume that the eclipse is central and if 6’ and 6” denote the angles of 
the outer and inner contact, which can be approximately read off from the light-curve, 
then, 


sin 0” 1—k 


sn 3 1+’ 
and hence 
9’ — @f 
tan 
k= ——. 
6’ + 6” (7) 
tan 


Provided that 6’ is not too large, 


k= — eo (7.1) 


gives a somewhat larger but still sufficiently close value of k which may be tried in equa- 
tion (1.1) and may then be improved by subsequent approximations. 

A graphical representation of the observed light-changes of an eclipsing binary in 
the X-F co-ordinates may be called its ‘“‘characteristic diagram.” It has the advantage 
of indicating directly the degree of precision of each element separately and the manner 
in which the elements are interrelated. For instance, it is evident from equation (1.1) 
that for any real value of the inclination 7 the intercept of the X-axis must be negative. 
If, contrary to expectation, a line representing equation (1.1) happens to intersect the 
X-axis in the positive direction, it follows that the degree of darkening underlying the 
adopted tables of p(k, a) is incompatible with reality; but the reverse is not necessarily 
true. The accuracy of the results obtained from the study of a characteristic diagram 
isample for a preliminary solution; and a distinct advantage of such a procedure is that 
it requires tables of no other functions than of p(k, a). 


S Ap. J., 36, 323 and 337, 1912 
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PARTIAL ECLIPSES 
‘, It the eclipse is part ial, the maximum fractional loss of light a, is no longer equal 
to unity as in the preceding case but becomes an additional unknown. The fractional] 
loss of light a at any moment becomes 


a= na, ( 


to 
— 


where 


Under such circumstances a graphical solution of our fundamental equation (1.0), while 
not impossible, loses much of its practicability and further transformation appears desir- 
able. At the moment of maximum eclipse equation (1.0) reduces to 


cos? 1 = ri(1 + kp,)?, (1.2) 


where 


Po = plk, ao). 


Subtracting equation (1.2) from equation (1.0), we obtain 


ae V2 > > 
sin? @ = ; ;e(p* — 25) + 219 — f,)] . (1.3) 


TVs 
sin? 


In order to eliminate the unknown multiplicative constant Russell? proposed to divide 
equation (1.3) by an analogous equation but corresponding to a fixed point at which 
n = 0.5. Then we obtain 


sin? 6 = C x(k, nap) , (6.2) 
where 
C = sin? 0(0.5) 
and 


x(k, nay) = 


Thus in the case of partial eclipses three points of the light-curve provide us with a rela- 
tion of the form 


x(k, no.) = a constant , 


the left-hand side of which is a given implicit function of & and a,, and the right-hand 
side is known from observations. 

From the practical point of view such a procedure is open to two objections. First, 
the numerical values of the x-functions depend again on one fixed point of the light- 
curve, and an error in its assumed position may systematically vitiate the whole de- 
termination of k. Second, tables of the x-functions have been computed by Russell 


» Russell, Ap. J., 35, 315, 1912. 
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and Shapley for only a very limited set of simple fractions of a.(m = 0.25, 0.50, 0.75); 
but the observed normal points, in general, do not correspond to round values of n. And 
if the observed normals—not a freehand curve—are to be used as the basic material, 
as many tables of the x-functions are evidently required as are necessary for interpolat- 
ing the values of the x-functions, to at least three decimal figures, for any fractional 
value of » and any degree of darkening. This would require the construction of several 
dozens of additional tables, not to mention the difficulty which the use of so many 
tables would entail in practice. The computation of additional x-tables has recently 
been undertaken by J. E. Merrill. But until such tables become available, Russell’s 
method can be applied only to the interpretation of freehand curves—a circumstance 
which may introduce some uncertainty into the orbital analysis. 

6. In order to illustrate the nature of the problem of partial eclipses, let us investigate 
the properties of the Jacobian determinant 


O( xi, x;) 
A(R, ay) 
Making use of the identities 
06 a OO 00 1 06 Oa 
—=--—-—- and - = — — -~ 
Jay a2 on Ok = ao On OR 


and verifying, further, that d@/dn is very nearly constant over a large part of the light- 
curve, the order of magnitude of the Jacobian is found essentially to depend on the 
difference 


Apart from the trivial cases when i = 7 or k = 0, the Jacobian does not vanish at any 
point within the domain of permissible values of & and a,; therefore, the x-functions are 
in principle functionally independent. 

However, from the geometry of the eclipses it follows that da/dk is numerically 
small, regardless of the degree of darkening of the eclipsed star. Consequently, the value 
of the Jacobian at any point will be all the smaller (numerically of the order of one- 
hundredth, or less). Therefore, in practice, the x-functions will simulate functional de- 
pendence'® so closely as to make the problem of determining the elements of a partially 
eclipsing system solely from its light-curve in one minimum practically indeterminate; in 
order to render the problem soluble, another independent relation between k& and a, 
must be found. 

7. As has already been pointed out by Russell and Shapley,’ this relation can be ob- 
tained from the relative depths of both minima. Let the relative loss of light at the time 
of a minimum when the smaller component is in front (‘‘transit’’"!) be 


a= he efile. (8.0) 

Half a period later, when the larger star comes in front (“‘occultation’’"), we have 
1—-r\, =f.l., (8.1) 
In the case of uniform disks the x-functions are very approximately linearly dependent (cf. Russell, 


Ap. J., 35, 328-320, 1912). 
t’This term is due to Dr. John E. Merrill. 
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where L,, L, are the luminosities of the larger and smaller components, respectively 


Provided that the distribution of brightness over the apparent disks of both stars follows 
the law of equation (3), then 


~, 


= 9°(1 — x,)a° + g'x.a; , (9.0) 


ke X2)a” oh teas @ (Q.1) 


~ 
tw 


where 





2U 
oe 
and a° and a' are the “‘uniform” and ‘‘completely darkened” fractional losses of light at 
the time of transit (a,) and occultation (a,), respectively, while g°, g' denote the loss of 
light at the moment of internal tangency of both disks when the eclipsed star is uniform 
or completely darkened (expressed in terms of the total light of the eclipsed star as unit), 
If the large star is uniform, then, evidently, 


gq’ =k’. (10.0) 


Fora completely darkened star the total loss of light at the moment of internal tangency 


J rr: "V9, rote 
L,=2 Vre— x? — ywdxdy 
Fi Pa ~ ade 


= 4J r?{sin—' Vk + 4(4k — 3)(2k + 1)VR(1 — &)} 


1S 


while the total light of the eclipsed star totally darkened at the limb is 


L, = 24J,r 


Therefore, 


> 


fsin-? Vk + 24k — 3)(2kR + 1)VR(UI— k)} . 10.1) 





| 


4 


Let us return to equations (8). Remembering that, by definition, 


L+L.=1 
and putting 
fi = att = a2 0%": k. p) g.O1) 
and 
f, = az, (9.02) 
where | 
) 2 | ee. | 
g°(1 — x,)a° + g'x,a 
(7:72 k, p) = ! f : ae (II) | 
. (1 — x,)a°+ x,a! 
we obtain, by addition of equations (8.0) and (8.1), 
. | 
: oe | 
av(k, po) =1—A (12) 


, O7172(k, Po) 7 





wee 
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where a37(k,Po) is the maximum fractional loss of light of the smaller component. Equa- 
tion (12) represents the second independent relation between & and a, required to 
render possible the determination of orbital elements in the case of partial eclipses. It 
should be noted particularly that, whereas for total eclipses the knowledge of darkening 
of the smaller component is sufficient for deriving the geometrical elements of the system, 
in the case of partially eclipsing systems a knowledge of darkening of both components 
is prerequisite. If the darkening at the limbs of both components is complete, equation 
(11) reduces to 


I 
a 

O''(k, p=, (11.1) 
a 


while, for uniform disks, 


0°(k, p) = g° = ke. (11.2) 


The latter two formulae were first established by Russell and Shapley.’ 
If the eclipse of the smaller star happens to be total, then, during totality,a° = a} = 1 
regardless of darkening; and so, of course, is a3. Equation (12) then takes the form 


I1—A, 


X, (12.1) 


k?(1 — x1) + q'x,a; = 


where, during the annular phase, p < —1, af 2 1 and (unless x, = 0) A, varies with p. 
If, finally, the larger star appears uniformly bright, A, becomes constant, and equation 
(12.1) reduces to the well-known formula 


? = (12.2) 


deduced by Russell. 

As a corollary to the foregoing results the general formulae for the ratios of luminosi- 

ties and surface brightnesses of two components darkened at the limb of an unequal 

degree are easily established. By division of equations (8.0) and (8.1) we obtain at 
once 

L; I—)?, 

p, ~ OM: bo) - 


(13) 


I 


Hence, if we define the ratio of the mean surface brightnesses of both components 
Ye OC 


then 


—= ; (14.0) 
while the ratio of central surface brightnesses (J, J.), is finally given by 
(— 3 "1 (2) ( ) 
= 14.1 
w 3 — U2 \J2, 4 


If both disks are uniform, 0" = k?, and equation (14) reduces to its trivial form. 
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INTERMEDIARY ORBIT 


8. In discussing the photometric measures of eclipsing variables the first step usually 
is to derive certain parameters defining the curve, from which a theoretical light-curve 
can be computed and compared with the observations. If the fit is satisfac tory, the con- 
ventional elements may then be derived from the parameters. If not, the preliminary 

values of such parameters have to be improved by one of the standard methods (variation 
of constants; least-squares corrections). Such improvement, however, is generally long 
and tedious, notably if the preliminary elements are not wholly adequate, for the equa- 
tions of variation of the present problem are not linear. 

A good test of a preliminary job is, therefore, that the resulting corrections should be 
of the same order of magnitude as their probable errors. It is, however, unlikely that a 
set of preliminary elements obtained by a graphical or semigraphica] procedure would 
meet this requirement, especially for partially eclipsing systems with elements derived 
from an analysis of a freehand curve (sec. 5), for small systematic deviations of observed 
normals from such a curve may not be readily perceived by the eye. Another im- 
portant consideration neglected throughout the whole derivation of the preliminary 
orbit concerns the weighting—a problem which manifestly does not admit of graphical 
or semigraphical treatment. It is thus highly desirable to improve the preliminary ele- 
ments, if possible, before the least-squares corrections are applied as a final test. To 
meet this requirement, a simple analytical method for improving the preliminary 
elements and for establishing an intermediary orbit will be developed. This method will 
be applicable to any type of eclipse; and the only tables required to make it practicable 
are again those of p(k, a). 

9. First, let us consider the general case of partial eclipses. At any moment, within 
the eclipse, we have 


sin? 6 sin? i + cos?7 = ri(1 + kp)’, (1.0) 
which, at the moment of conjunction, reduces to 
cos? 1 = ri(1 + kp,)?. (1.2 


Subtracting equation (1.2) from equation (1.0), we obtain 


sin? 0 = 2(p — pojci + (Pf? — pac » (1.3) 
where 
p = p(k, na.) , po = plk,a 
and 
i TiVo : ae 
= =——, gG=——. (15) 
sin? 1 sin? 7 


Equation (1.3) contains two quantities which are given by observations (8, 7) and 
three unknowns: ¢;, ¢2,and p». With the aid of equation (12), however, p, or p., can be 
considered as a function of & alone. Given a provisional value of k, the numerical values 
of the coefficients of c? and c? can be easily evaluated with the aid of the p-tables, and 
equation (1.3) can be employed asan equation of condition” for determining the param- 
eters c, and ©. 

An equation of the type (1.3) can be set up for every observed normal. The normals, 
however, are generally of very different weights. The empirical weight of an individual 

2 An equation of the type (1.3) is not an equation of condition in the strict sense of the theory of 


errors, since it implicitly involves observable quantities also in the coefficients of the unknowns. In 
practice, however, it can be used as such with satisfactory results. 
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normal depends on the number and quality of the constituent observations. In addition, 
the intrinsic weight of a single normal for determining the elements generally increases 
with increasing fractional loss of light; for an error in & or a, proves much less conspicu- 
ous at the beginning of the eclipse than near the maximum of obscuration. The problem 
of weighting individual phases has recently been the subject of an investigation by 
Piotrowski,’ who finds that the reciprocal of the intrinsic weight 1/w varies proportion- 
ally as the expression™ 

Op | 


Oa 


1— ni — r»)]). (16) 


) 


‘(1 + kp) 


The total weight of an equation of conditions is then proportional to the product of the 
empirical weight ¢imes the intrinsic weight of each normal. 

The solution of a set of properly weighted equations of condition can then be per- 
formed by the method of least squares, which yields the most probable values of cj, ¢3; 
and, hence, 


k=. (17) 
If this improved value of & differs significantly from that adopted at the outset, the pro- 


cedure is to be repeated until an agreement is reached. The remaining geometrical ele- 
ments can then be obtained from equations (1.2), (12), and (15) as follows: 


a ae 

r, = —sini, 
C2 

f,= ¢, sini, (18) 
Cy = CaMe 


cot..= 


The procedure developed in this section is devised mainly for dealing with partial 
eclipses. If the eclipse is total (or annular), the present procedure is also applicable; but 
the form of our equations of condition requires a minor modification. Equation (1.2) is 
to be replaced by 

sin? 6” sin? i+ cos? i = r2(1 — k)?, (1.01) 


where 0”’ denotes, as before, the phase angle at the moment of inner contact. If we sub- 
tract equation (1.01) from equation (1.0), the equation of condition in the case of total 
or annular eclipses becomes 


sin? 0 = 2(p + 1)c? + (p? — 1)c2 + sin? 0”. (1.4) 


Unlike the moment of first contact, a provisional value of 6” can be read from the light- 
curve with some accuracy. If we adopt provisional values for k and 6” and solve the 
system of equations of condition exactly as before, the improved value of & results again 
from equation (17). 

The method developed in this section is evidently one of improving a preliminary orbit 
by successive approximations. In this it bears a certain resemblance to a procedure de- 


13 Op. cit 


™4 The factor in square brackets should be included whenever the probable error of the observations is 
the same in stellar magnitudes, whether the star is bright or faint (i.e., for visual or photographic observa- 
tions). It should be omitted for photoelectric observations 
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veloped by Fetlaar's some time ago; but it goes beyond it in two essential points. First 
it takes account of the proper weight of each equation of condition, whereas in Fetlaar’s 
procedure the weights of all equations were assumed equal. Second, the solution of the 
equations of condition is performed by the method of least squares, while Fetlaar merely 
divided his equations into three groups and obtained his normal equations by addition. 

The present method, to be applicable, requires in principle a knowledge of provisional] 
values of k and a). These may be obtained from the preliminary analysis developed in 
sections 3-8. If, however, the eclipse is deep, the convergence of the approximations of 
the present method is so rapid that one may start just as well by putting k = 1 if the 
eclipse is partial or with the value of & following from equation (7) or equation (7.1) if the 
eclipse is total or annular. A knowledge of the preliminary orbit is therefore not nec- 
essarily prerequisite to the derivation of an intermediary one. With diminishing depth of 
the eclipse the convergence becomes less rapid, until for shallow eclipses the iterative 
process for c, may actually diverge.'® This is, however, no particular defect of the present 
method but a difficulty inherent in the problem; in the following section (10) we shall 
discuss it in more detail. For the present we may add that the method leading to an in- 
termediary orbit not only yields the most probable values of the elements but also gives 
some idea as to their degree of uncertainty. Errors of individual elements obtained by | 
differentiation of equation (18) are, however, not strictly identical with their true errors"? 
but are on the average likely to be somewhat underestimated. 


ACCURACY OF THE RESULTS 
10. In the preceding section we were led to introduce two new parameters, c,; and ¢, 
which, in addition to p, or 6’, define a light-curve. In order to investigate the de- 
terminateness of the problem let us form the weights of the solutions for cj and c?. If we 
abbreviate, as usual, 


Sw p? ae rt a — [waa] 9 
Lwp — po)? = [wbd] , 


where w denotes the total weight of each equation of condition; and, if A,, A, are the 
errors of c? and c3, respectively, then evidently 


A:_ | |{waa] (19) 
A, [wbd| : 


5 Op. cit. 

16 The writer is indebted to Professor Russell for this point. 

17 Apart from the fact that equations of the type (1.3) or (1.4) are not equations of condition in 
the strict sense of the theory of errors, the present procedure neglects errors in the assumed depth of 
the minimum (i.e., in ”). For fairly well-observed light-curves the latter are, as a rule, small compared 
with errors arising from other sources. The writer is, however, indebted to Professor Russell for pointing 
out that the fact mentioned formerly—namely, that the coefficients of c? and c? in equation (1.3) or 
equation (1.4) are functions of the unknowns which we seek to determine——is likely to be more trouble- 
some. For differentiating equation (1.3) we find that 





Op Op 
Asin? 6 = 2:(p — po) — k(t + kp) a + k(t + kpo) a Aci 


: Op Op. : } 
+ {(p? — p2) + 2(1 + kp) 4} 2(1 + kpo) 4) AG: 
OR OR } 
where terms involving 0p/0k or 0p,/0k are not small compared with (p ») or (p? 2) but are of 
/ I ] 


the same order of magnitude. Therefore the uncertainty of c? and c? resulting from a least-squares 
solution of a system of equations of the type (1.3) or (1.4) may be in error by a factor of zero order but is 
necessarily of correct order of magnitude. 
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The right-hand side of this equation could properly be called a “‘measure of determinate- 
ness” of the orbital problem. For, if the eclipse is total or nearly so, the value of A,/A, is 
close to unity; but it decreases rapidly with decreasing maximum geometrical depth. If 
the eclipse is so shallow that, for example, /, is positive, the coefficients of c? and c? in 
the equations of condition of the type (1.3) or (1.4) are of the same sign throughout; but 
the latter are numerically much smaller than the former in every case. It isa well-known 
fact from the theory of linear equations that in such cases c, may become effectively in- 
determinate. This substantiates the uncertainty experienced hitherto in deriving the 
ratios of the radii of systems exhibiting shallow eclipses. For the differentiation of 
equation (17) yields the following: 


(Ak)? = (“) + (2y’. (asa 


If the eclipse is shallow, the error in & is sensibly equal to A,/c3; and this quantity may 
be so large as to make the determination of the ratio of radii practically meaningless. 

This constitutes the main objection to the applicability of Russell’s method for par- 
tially eclipsing systems. For the primary step of Russell’s procedure is to determine k 
with the aid of tables devised specifically for this purpose. This is sound in principle, 
provided the eclipse is total or nearly so, for in such cases k is an inherently well-de- 
termined parameter. But for partial eclipses, with diminishing maximum obscuration 
ao, k becomes progressively less and less determinate from the photometric material, 
until, if, say, a, < 0.4, attempts at determining & may lose any meaning. The foregoing 
analysis has shown that it is the product of the radii 7,7,, not their ratio, which is quasi- 
invariant; and this quantity cannot be determined with the aid of x-functions intro- 
duced by Russell. It can be determined by the analytical procedure developed in section 
9 or graphically by plotting the equations 


— WF G. Ga 1 2(p - Po) a k( p? Ps) (1.3) 


sin? 2 


in the X-G co-ordinates and varying & until equation (1.3) comes sufficiently close to a 
straight line. In the light of the preceding results we cannot expect to determine & for 
partially eclipsing systems with any accuracy; for the G-function is too insensitive with 
respect to k. But from the practical determination of cj this can be considered an 
advantage. 

11. In general, if the eclipses are partial, we are left with c, as the only trustworthy 
parameter characterizing the light-curve.'* It is, therefore, important to investigate the 
amount of information which can be obtained from this constant alone. There are two 
quantities which can be made to depend primarily on c,;: the separation between the 
surfaces of the two components and the geometric mean of their mean densities. An 
inspection of equation (15) reveals that c, contains, in the numerator, the geometric 
mean of the radii of both components. Replacing it by the arithmetic mean, we obtain 


2 C2 es 
3(r: + r,) cosec i = cy + “toe Rs see (20) 


Cy 
Provided that the disparity between the two radii is not excessive, the quadratic term 
In equation (20) is usually of the same order of magnitude as A, and may be neglected. 


'8 Numerical applications reveal the noteworthy fact that c, is, furthermore, nearly invariant with 
respect to the degree of darkening of the eclipsed star 
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As, furthermore, no serious error can be committed by putting sin i = 1, the separation 
between the surfaces of both components is given, very approximately, by 


I— (7, + 72) = 1 — 2¢;. (20.1) 
The mean density of a component of an eclipsing binary is given, as is well known, by 
3m 


G g 


sais m,;\ cms’ 28) 
P*73 {1 + — ; 
mM; 


where P is the orbital period, m;/m; the mass ratio, and G the gravitation constant. If 
we change to solar units and express P in mean solar days, the numerator in equation 
(21) becomes 0.01344..... The geometric mean of the mean densities of both compo- 
nents then takes the form 
0.01344 
V pip2 = “ee 
P?V rr3 p 


m mM, 
w= (14 ‘Vt ). 
mM, mM, 


But, as is evident from equation (15), 


© 


tN 
to 


; ( 


where 


r:%, = c? sin?1; 


furthermore, provided that the masses of both components do not differ widely, wu V sin3 i 
remains sensibly equal to 2. Equation (22) then may be re-written as 


J. = 2:00672 
Pip2 = Pc 
Equations (20.1) and (22.1) thus define two quantities of definite physical meaning 

which can be made to depend on c, only or, more precisely, which involve c, through 

higher-order terms. Apart from the ratio of surface brightnesses defined by equation 

(14), the separation between the surfaces of both components and the geometric mean of their 

mean densities are the only trustworthy quantities which can be obtained tf the light-curve is 

poor or if the eclipses are too shallow to make the determination of the ratio of radii profitable. 


In conclusion, the writer takes pleasure in expressing his indebtedness to Professor 
Henry Norris Russell for stimulating discussions and constructive criticisms to which the 
present paper owes a great deal. 


HARVARD COLLEGE OBSERVATORY 
June 1941 
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THEORETICAL LIGHT-CURVES OF CLOSE ECLIPSING SYSTEMS. I 


ZDENEK KOPAL 


ABSTRACT 
The purpose of the present paper is to investigate effects upon light-curves of eclipsing systems, 


within their minima, which arise from the departures of the eclipsing component from spherical shape. 
The eclipsed star is supposed to remain spherical and to appear as a disk which is uniformly bright or 
darkened at the limb to any arbitrary degree. The form of the eclipsing component is supposed to be one 
of equilibrium under instantaneous rotational and tidal forces and to be known from the theory as far as 
the effects of the second, third, and fourth spherical harmonic deformations are concerned (i.e., as far as 
the disturbing action of the eclipsed star can be regarded as being due to a mass point). 

In the present paper, photometric implications of the distortion will be investigated to the same 
degree of accuracy to which the form of the eclipsing body is known. After a brief general survey (sec. I) 
the equations of the problem are set up (sec. II) and are solved in a finite number of terms (sec. III); 
the last part (sec. IV) contains a more general discussion. The present results are directly applicable to 
reality whenever the physical conditions in any eclipsing system are such that the distortions of both 
components are likely to be very unequal. Deep minima of typical Algol systems afford a good example. 


I. INTRODUCTION 


A conditio sine qua non for determining elements of eclipsing binary systems from an 
analysis of their light-curves is a knowledge of the loss of light, during eclipse, for any 
relative position of the components. This evidently depends on the form of both com- 
ponents as well as on the distribution of brightness over the disk of the eclipsed star. If 
the components are spherical, with uniform or radially symmetrical distribution of 
brightness (limb darkening), the relation between the geometry of eclipse and loss of 
light is well known. The reality, however, is likely to be more complex. Unless the stars 
are rigid, the components can be regarded as approximately spherical only if their di- 
mensions, expressed in terms of their separation, are very small. If the components are 
brought closer together, their surfaces will deviate sensibly from a sphere, on account of 
(1) the rotational distortion and (2) the mutual tidal action. 

Provided that stars behave as fluid bodies with short periods of free oscillation as 
compared with the period of the binary orbit,' the tidal distortion of both components 
will be given by the equilibrium theory of tides and is at present accurately predictable 
as far as the disturbing action of one component upon the other can be regarded as that 
of amass point. The rotational distortion can be predicted to the same degree of accu- 
racy, provided that the axes of rotation are constantly perpendicular to the orbital plane. 
In the case of components revolving in circular orbits we may legitimately assume that 
their surface layers rotate with the Keplerian angular velocity; whether or not their in- 
teriors rotate in this way is largely irrelevant, as far as the external form of the compo- 
nents is concerned.? 

The problem which we propose to attack and solve in this and the forthcoming papers 
can be briefly stated as follows: Let us consider a close binary system, the components 
of which describe circular orbits in a plane inclined to the line of sight so that the com- 
ponents eclipse each other alternately at the time of conjunction. Both stars are distorted 
by axial rotation with Keplerian angular velocity and by mutual tidal action. The out- 
ward flux of radiant energy at the surface of the distorted components varies proportion- 
ally to the local gravity.3 We shall investigate the changes of light exhibited by such 


'Cf.e.g., Sterne, M.N., 99, 662, 1930 2 Cf. Kopal, Proc. Nat, Acad. Sci., 27, 359, 1941. 
> Cf. von Zeipel, M.N., 84, 665, 684, 1924; and Chandrasekhar, M.N., 93, 571-573, 1033- 
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systems to the same degree of accuracy to which the form of both components is known, 
The changes of light displayed by such systems between eclipses have recently become 
the subject of numerous investigations;4 but changes of light within eclipses— geometri- 
cally, a much more complicated phenomenon—are as yet but very incompletely known, 
These will form the main subject of this and the forthcoming papers; the changes of 
light between minima will be rederived incidentally. 

The effects upon light-curves of the distortion of both components can be regarded 
as consisting of two parts: (1) effects arising from the distortion of the eclipsing com- 
ponent which cause deformation of the shadow cylinder and (2) effects due to the distor- 
tion of the eclipsed star which, in addition to changing its visible area, also influences the 
distribution of its surface brightness (gravity effect). The effects of the former kind are 
purely geometrical and are relatively simple; effects mentioned in (2) also involve physi- 
cal considerations and are much more complicated. , 

The scope of the present paper will be limited to the investigation of effects arising 
from the distortion of the eclipsing component; photometric consequences of the dis- 
tortion of the eclipsed star will be discussed in a future communication. This division of 
the subject is neither arbitrary nor is it due wholly to mathematical convenience. There 
exists one important group of eclipsing binaries—systems of the Algol type—where stars 
eclipsed at the time of the deep minimum are as a rule small compared to their less mas- 
sive subgiant companions. The distortions of the massive small components are often 
minute; but the companions may be distorted considerably. The light of such systems 
between minima may remain practically constant; for the relative luminosity of the 
companions in ordinary wave lengths is likely to be so small that their ellipticity will not 
influence the combined light of the system to any appreciable extent. Within the mini- 
ma, however, the distortion of the eclipsing component may impress distinct effects upon 
the light-curve. An analysis of effects arising from the distortion of the eclipsing com- 
ponent can, in consequence, be regarded as an exhaustive treatment of the theoretical 
light-curves of eclipsing systems of the Algol type. In the present paper such an analysis 
will be given. 

The same subject has previously been taken up by Walter,’ Takeda,’ and Russell. 
The investigations by Walter and Russell were, however, carried out under very re- 
stricted conditions (the eclipsing components were regarded as prolate spheroids; the 
eclipsed stars as uniformly bright). Takeda’s investigation was general in scope; but he 
did not evaluate the forms of the theoretical light-curves explicitly. The present analysis 
will proceed along the line of attack set forth by Takeda, and changes of light associated 
with the second, third, and fourth spherical harmonic distortions of the eclipsed star 
will be evaluated in a finite number of terms. 


Il. EQUATIONS OF THE PROBLEM 


Let us assume, consistently with the foregoing scheme, that the component which is 
being eclipsed is so nearly spherical that it appears as a circular disk with uniform, or 
radially symmetrical, distribution of brightness. The problem is to determine additional 
changes of light which arise from the distortion of the eclipsing component. 

Let a plane normal to the line of sight be our plane of reference, and let us specify the 
system of rectangular co-ordinates x-y so as to have the x-axis constantly in the direction 
of the projection of radius vector. The origin of this system of co-ordinates is to be 

4 Takeda, Kyoto Mem., A, 18, 197, 1934; Russell, Ap. J., 90, 641, 1939; Kopal, Ann. New York Acad. 
Sci., 41, 13, 1941; Sterne, Proc. Nat. Acad. Sci., 27, 90, sy 

5 Konigsberg. Veriff., No. 2, p. 28, 1931 

6 Kyoto Mem., A, 20, 47, 1937. 

7 Op. cit. 
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coincident with the center of the eclipsed star which, for convenience, we shall call the 
“primary.”’ The equation of the primary’s apparent disk then obviously is 


x? + y? — r; , (1) 


where r, denotes the radius of the eclipsed component. The shadow cylinder cast by the 
eclipsing star in the direction of the line of sight will be at any moment tangent to the 
distorted boundary of the secondary component; the equation of its circumference be- 
comes 

(6 — x)? + y? = r3(1 + M7,)?, (2) 


where r, denotes the radius of a sphere having the same volume as the eclipsing star; the 
measure of deformation of the projection of the secondary component in the x-y plane 
and 6—the separation of the centers of both components in the same plane—is at any 
moment given by 

6? = sin? y sin? 2 + cos?1, 


i being the angle of inclination between the orbital and celestial planes, and y the mean 
anomaly (phase angle). The radius of the orbit is taken as our unit of length. 

The surface brightness J at the apparent disk of the eclipsed star, supposed to depend 
only on the limb darkening, is given with sufficient approximation by the well-known 
cosine law 
J=J(1—u+ucosy), 
where wu denotes the coefficient of darkening and y the angle of foreshortening. The frac- 
tional loss of light (1 — 7), expressed in terms of the total light of the system, then be- 


comes 
2U 


1—-j=2 iP Pl + ee ee (3) 


where a” and a’—the “uniform” and ‘completely darkened”’ fractional losses of light 
that would take place in the absence of distortion—are defined by 


: “2 [VR-x ‘ eV ri—(b—x)? 
rrea' =? | ) oe i} { dxdy : (4.0) 
5 0 6—r2, Jo 


: "1 {[Vni-x y V ri—(6—x)? - Sars 
rmria = 3 + | Vri—-x— y dxdy, (4.1) 
5 1) é Ya 7) 


where we have abbreviated 


and 


while f" and /” denote the additional respective losses of light due to the secondary’s 
distortion in form. Explicit expressions for a” and a” are known;' our problem thus 
evidently consists of defining and evaluating the /’s. 

’ The expression for a” (equal to the fractional eclipsed area) is trivial (cf., e.g., Russell, Ap. J., 
35, 315, 1912 |pp. 332-334]); the expression for a” has recently been evaluated in terms of elliptic func- 
tions by Zessewitsch (Bull. Inst. Astr. Leningrad, No. 45, 1939). 











162 ZDENEK KOPAL 


The form of distorted components is known to the degree of accuracy to which the 
disturbing force acting upon each component can be regarded as due to a mass point, 
i.e., as far as terms of the order of r°; higher powers of r can be neglected. As is well] 
known from the theory, the first-order rotational and tidal distortions are of the order 
of r3; it follows that Ar can be regarded as a small quantity, the squares of which are 
negligible. From equation (2) it follows that the difference in the y-co-ordinate (Ay) be- 
tween the projection, upon the x-y plane, of the distorted and undistorted boundary, to 
this order of accuracy, assumes the form 


yAy = r347,, (5.0) 


but where = 
y = Vr? — (6 — x)’. (5.1) 


Hence—apart from a normalizing factor—f” is obtained by a single integration of Ay 
with respect to x, taken from 6 — r, to s; and f” is obtained similarly, by multiplying 
the uniform integrand by the foreshortening factor V 26(s — x). 

The distortion of the secondary component, to the fifth order in r., is given by? 


4 
Ar, = SS) Pi(d)w$? — 4Pi(v)o , (6) 


where the P's are Legendre polynomials with polar co-ordinates taken with respect to 
the center of the secondary component as origin and with axes parallel to the principal 
axes of the distorted ellipsoid; 


mM, ; ( my 
(2) (: + arn » w= — Agr, 
m; 


where m,/m, denotes the mass ratio, and the A;’s are constants depending on the internal 

structure of the distorted star (for their definition and numerical values for polytropes 

with different density condensation cf. Chandrasekhar, op. cit., p. 449, Table VI). 
Since the line of sight is tangent to the boundary of the shadow cylinder cast by the 

secondary, we have” 

+ 1,(6 — x), 


x 
a 
I 


= ,Vr,— (6— x)? + 2,(6 — x), 


= 
= 
| 


where a a 
l,= +V1-— cos? ysin?i= 6, 
sin y sinz cos Y sini cos? 


n= + ~ ; nN; 


0 0 


’ 


and the expression for A, is obtained by inserting equation (7) in equation (6). If we 
abbreviate, further, 


f [r2 — (6 — x)?|F/[26(s — x)]7/7[6 — x]™dx = mri, , (8) 
6—TP2 


9 Cf. Chandrasekhar, of. cit., pp. 449, 462; or Sterne, M.N., 99, 451, 1939. 
10 Cf. Takeda, op. cit.; (p. 54). 
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where 


q=I+B+ry+m, 


and verify that terms with 6 zero or even vanish on account of symmetry,” the /’s take 
the final forms: 


Ni ie (2 270 272 } 
( yy = — ty?) {3n27? , + 3n3T? a | | 


, 
+ wy” {302T21,0 — T21.0} | (9) 
+ w2?" {537310 — 3lt*s, 0} | 
+ Aw! {35/474 . — 3003772,.6 + 32%1.0} + 
and 
(2) Ly?) {3272 . + 30202, ,— 7°2,.;} 


es Deas (10) 


III. EVALUATION OF THE INTEGRALS 


In order to establish the solution of our problem we have to evaluate the integrals 
J}, and express them in terms of the conventional parameters 


which specify the geometry of the eclipse. 

First, let us consider terms associated with the tidal distortion. To the order of ac- 
curacy to which we are working, these are of the form /™,,, if the eclipsed disk is uni- 
form, and 7”, , in the case of complete darkening. The former are algebraic and can be 
dealt with in terms of circular functions; the latter involve elliptical integrals. As to the 
terms of the former kind, we easily establish by direct integration that 


rI°, o = Cos p, (11.0) 
eo ,.= Vi-pw, (11.1) 
where 
oa Rr — 9) 


= =f— 
. T > 2(1 + kp)’ 
and with the aid of the recursion formula 


2 


armI™, . = am — 1177, + eV I — pW’ 


1" The writer is indebted to Professor Russell for this point. 
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it follows that 


I 

[2,5 = os ee pt (11.2) 
ae 

| & — I ‘ = sty ? 

oe 2 ar (hor <%5 eas \I1.3) 
of 

} I ‘ I = ‘ >? 

EE go 13 cos p> page’ +32 — p} (11.4 


In the case of complete darkening at the limb the integrals associated with the tidal 
distortion are of the form 


mrmttym = 26 [_ (s — x)(6 — x)"dx . (8.1) 

FO-TaV NL — OX Cale — 63) 

where 
¢*; = 6+7 
( = § 
ri = 6-7) 

Let us put 
Cce=eth, (12) 


subject to the condition that 


é: fF €2 + 6; =— 0 (13 
Hence 
I ~ . 
h = \ Ci = 1 SO Fer Se) x (14) 
3 me ees 
1 I 
and 
C= F J 6—s)+7 
” 
€2 = —3\0 — 3S) (15) 
e,=+i(6-— 5) —-—7 


As is evident, 


Let us now introduce a new variable w defined by 


x=p(u) +h, 
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where p denotes the Weierstrass z-function. The integral (8.1) then takes the form 


> “wr tw 
Le ie = 28 f (6 — S) — 3p(u)f™jies — plu)fdu, (8.11) 
3 y 
where 
p(w) —— eae 
P\W2) = @;3. 


The integrand in equation (8.11) will evidently be of the form of a polynomial of the 
(m + 1) degree in p(w). If we re-write the powers of p(1) in terms of its derivatives and 
remember that all odd derivatives of p(#) vanish for u = w, and u = w, + w., the inte- 
gration of equation (8.11) presents no difficulties. We obtain 


afl = 2V 26 tm: + C2@z} , (17.0) 


\ 20 ‘ ' V 0 ' i 
ril*,.: = 1382 — 1525 ™ (28 5025 Wr y (17.2) 
IO IO 
V 26 V 26 
173 a 2% 3 ee ‘ ( _— wp4t,, 
mi[3,. = =e f19e, — 1363} 9 19 1438 e202 15e3j; ar, (17.3) 
\ 20 2 Hf ‘ 
mit, = Poke ee Oaks —— 1776s 
I 20 
- ¢ (17.4) 
V2004 4 Pere . 
= (OF 283 FT €28, + 8283; — 95€2} ws 
I20 } 
Here 
9, = —4(e€,€2. + €,€; + €2€;) 
(18) 
Oo = ~ Ae: é 
and 
I "e do I ™ 
a ee 
Wier Cur Vi K* SIN* @ V 2r2 2 
m= Ve r { Vi-—x sin? ¢ ad — €,0; 


- ey - 
=v ar, B(x) F(2,«); 
2 V 2r, 2 


F and E denote as usual, the Legendre complete integrals of the first and second kind, 
with the modulus 


(21) 
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Verifying, further, that 
e2 = — ru ; 


82 = +4r3(1 + 3x), 
83 = +§rin(it — bw’), 


the integrals in equations (17.0)—(17.4) finally take the forms: 


eo. = ae — (1 + wF i , (17.00) 
T rT. 

Tr — : 0 f ( | i > Ek! : 

1,1 = AI TB 22min; , (17.01) 
37 2 

7? = : ° a) at am if a) — 2y7)F! " 

<5 1 2(9 2eo) LSo"r 2 ou fo (17.02) 
157 Nr, 


3 4 6 i . . 6 | 2 ’ 
B,.= ~ {tom + Bus} E — — i795 + 7p — 130 + can iF, (epee 


; 1057 2 3157 \? 
4 6 es 
| al ier {147 — 24m? — 16u4lE 
w*J) 2 ( 
: - (17.04) 
2 0 ( . " 
agree (147 + 1itp — 2497 — 4p) — 16p4} Ff 
s454 


The rotational distortion invokes, in addition to terms already treated, new terms of 
the form /¢,., if the disk undergoing eclipse is uniformly bright, and /},, in the case 
of complete darkening. In the former case the respective integral is again algebraic; we 
obtain at once 

ants. = cOS' wp — pV I — p’, 1.e., oo, ae a (21.0) 


The integral /? , is an elliptical one; for equation (8.1) yields 
art! , =~ 26 | Vir? — (6 — x)?|[s — x] dx. (8.120) 
= 


Substituting again 
x= plu) + 3(26+S), (16) 


6 “wrt R . 
ail; , = ee } tp’ (1 edu, 5.121) 


where the accent denotes the derivative with respect to w. The p-function is known to 
satisfy the differential equation” 


equation (8.120) becomes 


{p'(u)}? = 4p3(u) — g.p(u) — g 


12 Cf., e.g., Whittaker and Watson, Modern Analysis, sec. 20.22, Cambridge, 192 
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where g, and g; are invariants defined by equation (18). Hence the integrand of equa- 
tion (8.121) can again be expressed in terms of powers of p(w) and integrated as before; 
we obtain 


z70 I 6 
mrt, y > a (282m — 38301} (21.10) 
Ba ~ 
and 


6 d ; 
1 = J - {213 + DE — (3 + 4+ wi (21.11) 
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All other terms associated with the rotational distortion are identical with those al- 
ready treated, and hence the solution of our problem is complete. As is evident, all in- 
tegrals associated with the distortion of the secondary component assume positive values 
throughout the partial phases and vanish at the moments of the inner and outer con- 
tacts. Given 8 and y, the numerical values of all 73, diminish with increasing super- 
script; but, whereas in the case of uniform disks the /™,,,’s were found to depend on 
kand p only through uy, for darkened disks the /™,, ,’s depend on two independent vari- 
ables. In order to facilitate the use of these new functions in practice, the writer pro- 
poses to tabulate them in terms of & and in a suitable form. 


IV. DISCUSSION 


Geometrical inter pretation.—In the preceding sections formulae were set up which ex- 
press the changes of light exhibited during the eclipse of a spherical star by a rotationally 
and tidally distorted component, taking account of the second, third, and fourth spheri- 
cal harmonic deformations. Theoretical light-curves can now be computed and compared 
with observations for each particular system, provided that its approximate geometrical 
elements—mass ratio and structure of the eclipsing component—are known. In the 
following the nature of the effects upon light-curves produced by such distortions and 
their photometric implications will be discussed in more general terms. 

In doing so, we neglect, for the sake of simplicity, effects arising from the third and 
fourth tidal harmonic distortions as minor and consider the eclipsing component as a 
three-axial ellipsoid with the axes a > 6 > c. Further, let the inclination of the orbital 
plane to the celestial sphere be 90°. The projection of this ellipsoid at a plane normal to 
the line of sight will then be an ellipse with the semimajor axis constantly in the direction 
of the projected radius vector. If the equatorial and meridional ellipticities of the eclips- 
ing component are’ 


and 


the axes of the projection ellipse result: 
X? = a(1 — €& cos? p) , Y? = ¢?, (22) 


"3 Cf. Chandrasekhar, op. cit., p. 462. 
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Provided that r} « abc, the effective radius r; of the secondary component will at any 
moment be sensibly equal to the radius of the osculating circle ’ 


Pad : 
r, = - Vi-—ecos*?y. (23) 


The effective ratio of radii k’ in such systems can then be expressed as 


, ar, ; i 
k! = —V1 — & cos? y. (24) 


C? 


It follows that the eclipse of a small spherical star by a relatively large distorted com- 
panion can be very closely approximated by an eclipse of two spherical components with 
the ratio of the radii increasing with phase. If, for example, 7; = 0.10, r, = 0.30, 
m,/m, = 3, and A, = 1, then e = 0.24 and—provided that 7 is equal or close to go°— 
cos? y diminishes from 0.96 at the moment of the inner contact to 0.84 at the beginning 
of the eclipse. The increase of &’ throughout the partial phases then amounts to only 2 
per cent—which is too small a change to be detected unless the observations are of 
extraordinary precision. Therefore, in practice, for cos? Y ~ 1 we have 


~ 
| 
to 
w 
— 


whereas r,—the radius of a sphere having the same volume as the distorted companion— 
is clearly given by 


yi = abc. (25) 
Hence 
} ab? i 
= 1. Fs > US i 
rT; ( 
and 
; 7, \(1I — €)4* V9 T; I hs 
C= = 1+ ie ec. tO oe ee Re (26) 
r,| (1 — &)5 r 6 mM, 


Thus, apart from a small continuous increase of k’ with increasing phase governed 
by equation (24), the distortion of the eclipsing component tends to increase k’ in excess 
of its true value 7, /r. by a constant amount depending only upon the distortion. While 
the variation of k’ with the phase may amount at best to 1 or 2 per cent, the increase 
given by equation (26) is about ten times as large. If we insert in equation (26) the same 
values for r2, m,/m,, and A, as before, we obtain k’ = 1.2(r,/r.). It is this value of k 
increased by 20 per cent which we would obtain by a conventional analysis of the light- 
curve of such a system. The excess of the effective k over the true one constitutes the 
main effect of distortion. 

Distortion and darkening.—It is a well-known fact from the theory of light-curves of 
systems with spherical components that, given a system, the ratio of radii resulting from 
an analysis of its light-curve can be increased within wide limits by assuming an in- 
creased limb darkening of the eclipsed star. The question, therefore, arises as to what 
extent the effects of distortion and darkening may be formally equivalent. This problem 
was opened by Walter,’ who concluded, from consideration of a particular case, that the 
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effect of distortion of the companion is tantamount to a decrease of limb darkening of 
the eclipsed star. Russell’ on the basis of a more complete analysis (relevant, however, 
to prolate spheroids only) arrived at an opposite result. In the light of the preceding dis- 
cussion the correctness of Russell’s conclusion is immediately obvious; but Russell did 
not attempt to put it in a quantitative form. Results obtained in the second and third 
sections of the present paper permit extension of the proof of equivalence between the 
distortion and the darkening to three-axial ellipsoids and to express the spurious increase 
of darkening in terms of distortion of the eclipsing star. 
Equation (3), giving the loss of light during eclipse, can be re-written as 


UY 2u , ; -U 
t U ) 
r—-l=a +f - f(a’ —a¥)+(f?—-f”)}. (3.1) 
3 3 , 4 d 


The difference (/” — f”) is small compared with the absolute values of these quantities, 
and in the following it will be neglected. To a satisfactory degree of approximation the 
effects of distortion can be represented by /” alone. 

In examining the explicit expression for /" (eq. [g9]) we notice that the coefficient 
n, involves the cosine of inclination, which, in the scheme of our approximation, is sup- 
posed to vanish and can generally be regarded as a small quantity for eclipsing systems. 
If, further, uw is not far from unity, the term /?,, arising from the rotational distortion 
is also small. Thus, by combination of the remaining first-order rotational and tidal 
terms we obtain 


Rel = 3 A yser?, , — - (= i ) Arl®,o- (9.1) 
mM, 3\m. 2 

Near the inner contact and in advanced partial stages the effects of the term /?,, , are 
negligible on account of its small coefficient, and f” thus depends substantially on /°,, o. 
This term is at first an increasing function of the geometrical depth; but so is the differ- 
ence (a” — a”). If we put 


ito = Cla” — 7), (27) 


numerical computations show that, in advanced partial stages, the quantity C is sensibly 
constant and depends only on &; the values 


to 


k = 0.3, 0.4, 0.5 , Te 


an 
- 


offer a tolerable approximation. As the eclipse diminishes (a” — a”) begins to decrease 


until it becomes negative in early partial stages and can thus no longer be approximated 
by /°,,,, which remains positive throughout. But at this stage the term 367/2,,,, which 
with increasing 6 ceases to be negligible, intervenes and tends to change the sign of 


f’ so that the latter continues to simulate (a” — a”) long after equation (27) breaks 


down. 

If we combine equations (9.1) and (27) and insert in equation (3.1), we notice at 
once that the effect of / in equation (3.1) can be interpreted as a spurious increase in 
limb darkening of the eclipsed star, in agreement with the conclusion reached by Russell. 
But the foregoing relations permit us to approximate the amount of this spurious in- 
crease quantitatively; for if « denotes the true, and w’ the effective coefficient of darken- 
ing of the eclipsed star, then to the first order in small quantities we have 


(28.0) 
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A determination of darkening of a spherical star from photometric observations of its 
eclipse by a distorted companion—even if the observations were of the extraordinary 
precision required—would give a value of the darkening coefficient increased approxi- 
mately by the above amount. 

Equation (28) is true to a similar degree of accuracy as equation (26). Equation (24) 
represents a closer approximation; for an increase of limb darkening by a constant 
amount clearly cannot account for a variation of k with the phase. We found, however, 
the latter effect to be extremely small. The difficulty of detecting it would, under the 
best circ’ mstances, be equivalent to the difficulty of determining & with an error not 
exceeding one or two units in the third decimal; or the coefficient of darkening to a few 
units in the second decimal. If a light-curve of adequate accuracy were available, it 
might eventually become possible to determine the mass ratio of a system from an anal- 
ysis of the light-curve within eclipse of the massive star by its less massive companion 
by the least-squares corrections including both m,/m, and «as unknowns. But the fore- 
going analysis shows clearly that—unless the physical coefficient of darkening is inde- 
pendently known—any attempt at determining m,/m, without simultaneous adjustment 
of « would be meaningless. 

Assumptions underlying equation (28.0) are that the eclipsing component rotates 
with the Keplerian angular velocity and that tides do not lag. If the companion does 
not rotate with Keplerian angular velocity but with an in’*pendent angular velocity w, 
equation (g.1) is to be replaced by 


UU mM, iss Mr. a? 
kf! = 3 — A,r367I2,,. r 


> a = — } Bass (9.2) 
mM, m, 47G 0 


where G denotes the constant of gravitation and p the mean density of the secondary 

component; and equation (28.0) is to be replaced by : 

2u’ 2u Cim, , w? ; 

_ = + — i — >} Bo. e css (28.2) 

3—-u 3—u_ k?\|m, 47rGp 

We see that the effect of rotational distortion (polar flattening) alone is to decrease the 

effective limb darkening of the eclipsed component. But unless the eclipsing star rotates 

much faster than with the Keplerian angular velocity—which is very unlikely—the 
effect of axial rotation is more than neutralized by the tidal action. 

This completes the discussion of theoretical light-curves of eclipsing systems of the 
Algol type. Thus far we have ignored effects of distortion of the eclipsing star which 
become predominant in systems of the 8 Lyrae type, as well as radiation retlected from 
both components in the direction of the line of sight; both of these effects are postponed 
for future communications. 


In conclusion, the writer takes pleasure in recording his appreciation to Professor 
Henry Norris Russell, who read this paper in manuscript form and who pointed out a 
number of important considerations. 


HARVARD COLLEGE OBSERVATORY 
June 1941 
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THE RADIAL VELOCITIES OF LONG-PERIOD VARIABLE STARS 
SECOND PAPER* 


PAUL W. MERRILL 


ABSTRACT 


Measurements of radial velocity.—These were taken from 618 Mount Wilson spectrograms of 206 long- 
period variables of spectral classes Me and Se and are recorded in Table 1. For 152 of these objects no 
previous measurements have been reported. The velocities of 305 variables in Table 3 summarize all 
known measurements. It is recommended that velocities derived from the absorption lines (which differ 
appreciably from those derived from the emission lines) be used in studies of galactic motions. For 72 
stars of Table 3, direct measurements of the absorption lines are available; for the other stars the meas- 
ured emission-line displacements were corrected in the manner described in Mt. W. Contr., No. 644. A 
brief statistical study is given of the types, periods, and galactic latitudes of the stars in Table 3. 

Discussion of galactic motions.—The residual radial velocities computed by applying the corrections 
for ordinary solar motion are decidedly high, the arithmetic mean being 36 km/sec. The higher velocities 
are associated with the earlier spectral types and the shorter periods (Tables 6 and 7 and Figs. 3 and 4). 
The relationship with period is particularly well marked. Among 152 stars with periods shorter than 
300 days, 16 have residual velocities greater than 100 km/sec, 10 have velocities between 80 and 100 
km/sec; while among 153 stars with periods of 300 days or longer not one has a velocity exceeding 
100 km/sec, and only 2 have velocities between 80 and 100 km/sec. The average velocity decreases 
steadily from 80 km/sec for a group of 27 stars with periods from 150 to 199 days to 17 km/sec for 35 
stars with periods greater than 399 days. The evolutionary significance of these results is important but 
obscure. 

After correction for solar motion, the 305 variables have a group motion, Vo, of 31 km/sec toward the 
apex a = 310°, 6 = +50° (see Table 8). When the stars are divided according to the absolute values of 
the residual velocity, V, is only 4 km/sec for the group with velocities less than 25 km/sec, while for the 
remaining stars V, is 60 km/sec. A somewhat similar result is obtained when the stars are divided ac- 
cording to period of light-variation. On the other hand, when the stars are divided according to distance 
from the sun, V, is nearly the same for both groups. The well-marked relationship of group motion to 
random stellar velocity (Fig. 5) is an excellent example of the asymmetry of high stellar velocities. The 
apex for the high-speed stars is near that point of the sky toward which stars near the sun are moving in 
their huge galactic orbits. This fact confirms the view that the velocity asymmetry is an effect exhibited 
by stars having unusually small circular velocities in their galactic orbits. The radial components may 
be exceptionally large. 


Since the publication in 1923 of a discussion! of the radial velocities of 133 long-period 
variables of spectral classes Me and Se, Miss Leah B. Allen’s measurements? of the veloci- 
ties of 20 southern variables have appeared, and numerous additional data on northern 
variables have been obtained at Mount Wilson. Altogether, radial velocities are now 
available for 305 variables, 281 of class Me, 24 of class Se. 


MOUNT WILSON OBSERVATIONS 


In my program at Mount Wilson the intention has been to include only those long- 
period variables with normal light-curves and standard Me or Se spectra. Stars with 
unknown periods, irregular light-curves, or exceptionally small magnitude ranges have 
been omitted. The selection of suitable objects was greatly facilitated in 1936 by the op- 
portunity of examining the light-curves of a large number of variables plotted at the 
Harvard Observatory under the direction of Mr. Leon Campbell. My colleague, Mr. 
A. H. Joy, has had the kindness to call to my attention several stars found in the course 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 649. 
tP. W. Merrill, Mt. W. Contr., No. 264; Ap. J., §8, 215, 1923. 


2 Lick Obs. Bull., 12, 71, 1925. 
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of his study of nonemission M-type variables to have typical Me spectra and to give me 
one or more spectrograms of each. In partial return I have handed him a few plates of 
variables on my program in whose spectra the bright hydrogen lines proved to be absent 
or unduly weak. 

The observational methods did not differ greatly from those described in Mount Wil- 
son Contributions, No. 264,' except that for the fainter stars a 10-inch camera, dispersion 
65 A/mm at Hy, was generally employed instead of an 18-inch camera, dispersion 
35 A/mm. Since March, 1937, the Cramer Hi-Speed Special emulsion has been regularly 
used; previously either Eastman 40 or Imperial Eclipse 850 had been used. . 

Description of Table 1.—Measurements not previously published are in Table 1. The 
dates given are for the calendar day preceding the night of observation. An asterisk in- 
dicates that the plate was taken with the 18-inch camera instead of the to-inch; this 
differs from the use of the asterisk in Mt. W. Contr. No. 264, Table III. The phase is 
reckoned in days before (— ) or after (+) the nearest maximum. I am indebted to Di- 
rector Harlow Shapley and Mr. Leon Campbell of the Harvard Observatory for supply- 
ing much unpublished photometric material. All the spectrograms have been measured 
twice; with few exceptions one measure was by Miss Cora G. Burwell, while the second 
was either by Miss Burwell after an interval of several months or by the writer. Details 
concerning the absorption and emission lines regularly used will be found in Mt. W. Contr., 
No. 644.3 The individual emission lines used for velocity are in general much the same 
as those indicated in Mt. W. Contr., No. 264, Table III; hence it has seemed sufficient 
to record for each plate only the number of lines upon which the velocity depends. The 
lines most frequently measured were, as before, //y and /1/6. 


3 Ap. J., 93, 380, 194! 
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it 2 bike 
3 VELOCITY 
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in STAR DATE aaa Mac Days) 
ly Emission we Absorption ad 
Lines Lines 
” SS Cas 
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is 20 5000 10.1 12 eee 7 2 
)}- 25-4 
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a Oct. 3 3090 Q.7 20 — 15 2 
ils } 20 3719 90.5 t 3 17 2 
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nt 
on Ee 
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TABLE 1—Continued 
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TABLE 1—Continued 


VELOCITY 
(KM/SEC) 
STAR DATE sa Mac. eggae 
242 (Days) 
Emission me Absorption No 
Lines Lines 
X Hya 
093014 1931 Dec. I 6677 8.6 + 27 “25 2 
1935 Mar. 25* | 7887 8.6 + 4 + 30 3 + 42 21 
ft 28.6 
Y Dra 
093178 1925 Apr. 7* | 4248 10.4 — 5! (+ 17) I 
May al We Be, g.1 — 22 + 10 2 
7* | 4278 g.o — 21 + 9 2 
“—" 30:3 
RR Hya 
09402 3 1931 May 8 6470 0.7 — 20 (+ 27 2 
1936 Mar. 5 8233 10.2 + 23 + 37 2 
7* | 8235 10.3 25 Toe 2 
32:0 
R Leo 
094211 1926 Dec. 14* | 4864 6.1 — 8g + |] 2 1 16 40 
1927 Dec. 23* | 5238 6.6 + 50 — 8 4 +t 5 28 
1928 Jan. 4* | 5250 7.0 4+ 62 — 6 5 + 8 34 
Feb. 11* | 5288 8.3 +100 a 5 + 6 12 
1938 Mar 10* | 8968 7.0 + 42 — 3 11 
Apr. 17* | goo6 8.0 + 8o — 3 11 
1939 May 7* | 9391 re ay +164 + § 4 
ae I 9 T 74 
S LMi 
0904735 1929 Feb. 27 5670 (8.6) = 16 2 
Mar. 1* | 5672 (8 3 — 15 3 2 40 
12.2 
S Sex 
102900 1940 Apr. 17 0737 9 8 — 45 — 9 2 
May 5 9755 9.1 - 27 18 3 
5 | 9755 Q 1 ae 13 3 
19* 9709 5.9 = ES I2 2 
12 8 
R UMa 
103769 1939 Dec. 28* | 9626 9.0 + 41 + 27 2 
W Leo 
104814 1937 Jan. 31 8565 c1.7 + 34 + 45 3 
1939 Jan. I! 9275 9.4 - § (+ 30 2 
II 9275 9 4 = 5 i 32 2 
r3* | 0277 0.4 — 3 + 42 2 
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TABLE 1—Continued 


VELOCITY 


(KM/SEC) 
D PHASE 
STAR DATE J Mac. 
242 (Days) 
ear No. ? JO. 
Emission ' Absorption p 
Lines Lines 
S Leo 
110506 1926 Mar. 20 4004 9.9 — 17 + 98 BV ac Oe Oe 
1930 June 12 6140 10.0 — 2 (+103) I olgcaae aierane ee 
13 6141 10.0 — | (+ 85) 2 
14 6142 10.0 ro) +100 (3) 
1939 Apr. 6 9360 2 Ey + 36 + 94 3 
+ 96.5 
RU UMa 
113039 1926 Jan. 25 4541 | (10.2 — 68 2 eer 
1929 May 24 5759 | ( 7.4 — 50 ye NEO er (eB os: 
— 03.4 
x Cen 
114441 1920 May 28* | 4664 7.0 rr 3 (+ 27) Bon evo oad ee 
29* | 4665 7.0 + 4 + 28 BION Sad exes ee 
+ 27.8 
R Com 
115919 1940 March 16* | 9705 9.2 —- 7 — II BROS LE Deca tae eee 
28* | 9717 9.4 + 5 — 18 BO och dear eas 
29 g718 9 4 7 O = 56 3 
— 14.5 
SU Vir 
120012 1926 Feb. 21 4568 0.5 — §8 (+ 10) 2 
21 4568 9.5 —- 8 + 13 3 
1927 Apr. 14 4985 8.9 — I + 13 2 
+ 12.1 
T Vir 
I 20905 1925 May 5 4276 10.2 — 10 + 2 2 
June 7 4300 10 4 + 23 + 9 2 
1926 Apr. 30 4636 9.90 r 14 + 12 2 
we ape! oY 
Y Vir 
122803 1923 Apr. 30* | 3540 9.4 ° (— 2) 2 
1925 Feb. 11 4193 10.3 — 3 — | 2 
a 
T UMa 
123160 1940 Apr 16* | 9736 7.8 — 9g — 100 3 — go 54 
May 4* | 0754 7.9 f 9 30} 3 
19* | 9769 8.1 r 2 102 8 = 56 
— 100.9 — @O:7 
RS UMa 
123459 1925 Mar. 4* | 4214 10.2 — 25 — 34 2 
Apr. ra) 4250 ou + 11 — 32 2 
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TABLE 1—Continued 





KM/SE¢ 
; D PHASE 
STAR Dati J Mac. 
242 (Days 
\ ; 
| in - | Absorption | _No- 
Lines Lines 
SUMa 
123961 : 1923 June 4* 3575 S.o 8 I 3 ( ° 13) 
July ai 3004 . 7 21 ; 2 c 14 
| 1924 Jan. 22* | 3807 8.0 10 6 3 f IO 18 
1939 Jan. 12* | 9276 7.9 6 3 | + II 14 
i. $1 t 77 
U Vir 
124006 1939 June 8* | 9422 8 II 2 | — 47 6< 


RV Vir 








130212 1939 June 7 0422 a 21 1 19 > 
1940 Mar. 29 718 12.4 + 69 1+ 29 
~ 9 
RR UMa 
132262 1924 Jan. 23 3808 2 < 
1932 Mar. 23 670 10.2 \5 
1935 May 18 7941 10.1 Ac 
1° ) 
R Hya 
132422 1924 Feb 24* 3054 5.0 23 4 14 22 
Mar. 24* | 38609 { + I 2 0 33 
Apr. 19* | 3895 4.6 + 32 28 } 2 25 
May 20” 3920 re 1. 62 28 \ ; 28 
June’ 10” 3047 6.2 t $4 31 5 15 II 
1926 May 17” | 4653 6.3 15 I 0 
20% $002 5.8 ( . 15 
27" | 4063 5.8 14 41 
3 4000 Gag I 2) 
June 18* | 4685 4.8 I I ° | 23 
20" | 4087 4.8 I 12 33 
21” | 4688 © ..6 I {1 } 
22* | 4689 43 35 
22* | 4689 4.7 ) LO 
July 24* | 4721 = 20 
1927 June 18* | 5 : OQ ) 7 22 
1Q”* cs a | 2 
22 sos4 Q 10 
22 5 = j ) 7 
July 15* | 507; 190 2 2 , I 26 
16* 5078 4.9 I 2 15 
1933. June i1* } 72 \ + 47 10 I 23 
1937 Mar. I 8504 6.5 184 ‘ 
26 S621 g ¢ 211 7 
29 SO22 Q ¢ -253 I ) 
Apr. 29 SO 53 5.4 LOI £2 5 
1939 Jan. 3” | 9277 Ry me Ee 9 . S5 
May (ai O20! QO.5 sae 1O 2 } 
IQ40 Jan. 20" g049 eo + 34 10 I x 82 | 





Mar. 
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TABLE 1—Continued 











VELOCITY 
KM/SEC) 
Jb PHASI 
STAR Dat! : Mac 
242 Days) 
oO. Z No. 2 No. 
nes Emission ; Absorption $ 
Lines Lines 
T UMi 
2) ; 
9 133273 1923 June 30* | 3601 Q.2 + 20 — 12 2 
4 1925 Mar. r” | 4201 9.6 — 3 - 18 2 
g 
4 — 15.1 
RT CVn 
134434 1939 Apr. 4 9358 | (12.1) — 22 2 
0 9300 12.3) — 18 4 
S 
— 36.6 
R CVn 
13444 1939 May 5* | 9389 8.0 22 — 12 ian cm costco ne eee 
6* | 939 8.0 21 — 14 5 — 5 55 
7* | 9391 8.0 20 - 12 5 — 2 49 
1940 Mar. 16* | 9705 8.2 30 — 17 5 — 8 63 
27" | 9710 5.0 19 14 5 ae 44 
- 13.7 — 4.0 
RX Cen 
1345.30 1Q35 June 7 7907 o.2 0 Is 2 
147 7Q08 Q.2 7 II 3 
, 
2 — 14.3 
J Z Boo 
4 140113 1925 Mar. u* | 4211 9.6 15 + 30 2 
” i 4212 g.¢ 14 32 2 
I 
: + 31.2 
7, Vit 
ss 1405le 1Q25 May 2 537 11 5 + ch 2 
1932 June 20 6879 10.6 18 + 59 2 
2 : 
3 + o7 § 
I } , / 
: RU Hya 
4 140528 1936 Mar 5 8233 Q 2 16 - 14 | 2 
1937 Feb 26 S5O2 a 4 13 = Q 2 
IE.3 
dl U UMi 
: 141507 1940 May 4* | 9754 8.5 16 - 37 3 
6 5 | OF55 5.4 15 = 34 8 — os 55 
. 5" | 9778 . r 8 “29 6 — 24 50 
3 2Q Q779 S 1 t QO 4I 7 — 29 57 
2 
Ss — 20.3 
R Cam 
142584 1923 Apr oF | se34 8.7 + 38 (— 49 2 
\ V Boo 
142539a 1939 Apr. 6* | 936 ey 18 $1 q — 39 45 
| 
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TABLE 1—Continued 





VELOCITY 
(KM/ SEC) 
D PHASE 
STAR DATE J Mac a 
242 (Days) 
. No ' 
FE mission : Absorption mie. 
Lines Lines 
R Boo 
143227 1923 Mar. 1* | 3480 7 ae — 12 — 58 5 — 6 49 
1924 June 15* | 3952 7 + 17 — 73 2 — 66 21 
1925 Jan. E* | 456 8.1 — 10 — 62 2 
— 5.5 ~ 864 
V Lib 
143417 1940 May 30 9780 11.1 + 7 + 7 2 
30 9750 rr. - 7 + 38 2 
a ee fe 
RR Boo 
144339 1929 May 24 5756 II. 2) (— 54 I 
1934 July 29 | 7648 II 0) (— 57 3 
19360 Mar. - 8233 | (10.2 — <o 4 
6* | 8234 i 6.0 — is 3 
yr juo@se 9.9 = 57 3 
7” | S235 9.9 - 50 3 
= 52.9 
U Boo 
144918 1940 Feb. t19f | 9679 | (11.5 - SI + 14 2 
Mar. 28 9717 10.4 13 - # 2 
Apr. 10 97306 10 6 — 6 me 2 
r7 9737 10 6 + 7 (+ 16 2 
+ 10.2 
RT Lib 
1500185 1928 Apr. 13 5350 8.7 12 + 26 3 
14* S251 te) 7 II 7, 260 3 
1941 May 13 0128 10.0 — 18 + 36 2 ) 
Sie ea ies 
T oY rey, \ 
T Lib 
150519 1939 June 7 9422 a ~ — 14 — 50 2 
July 5 9450 ita + 14 =I56 2 
— 80 8 
RW Lib 
Est723..... 1924 Jan. 22 3807 (8.5 +139 2 
1925 Apr. 9 250 to-¢ +126 2 
1926 Apr. 30 4636 (8.5 +126 2 
| 
T1427 -0 
X Lib 
153020... 1939 July 6 O451 12.2 + 28 — 45 2 
1940 May 30 9780 ee wees: =a I 
— 39.2 


t Dispersion about 115 A/mm at Hy 
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TABLE 1—Continued 


VELOCITY 


(KM/SEC) 
STAR DATE JD MaG PHASE an 
242 (Days) 
Emission rm Absorption ne 
Lines Lines 
U Lib 
1530208 1927 July 13. | 5975 9.4 + 7 + 93 Oeics eee 
14* | 5076 9.4 + 8 + 8&1 2 RET ee ey 
+ 85.3 
x CrB 
154530 1926 Apr. 30 4636 9.7 — —114 2 
May I 4037 9.7 — 17 — 109 2 
27* | 4663 9.2 + 9g —115 7 fa Rs orene tray tors 
—113.0 
R Ser 
154015 1923 Mar. 1* | 3480 4.2 + 10 + 13 2 + 22 54 
1924 Mar. 24* | 3869 7-3 - 35 + & 2 + 20 27 
+ 10.6 + 21.2 
R Lib 
154715 1937 Mar. 2 8595 10.0 -—- 9g + 12 2 
1940 July 19 9830 11.0+ + 4 — 2 2 
- §-3 
ZCrB 
155229 1935 May 18 7941 11.0 — 21 — 79 2 
June 16 7970 10.4 + 8 — 92 2 
17 7971 10 4 + 0 (— 98) 2 
1937 June 19 8704 9.4 — 6 — 94 2 
—= 0.4 
RZ Sco 
155823 1925 Apr. 9 4250 8.7 — 13 —179 2 
May 5 276 8.9 + 13 —179 I 
1926 Aug. 11 | 4730) 93 t 9 —187 2 
—181.7 
Z Sco 
160021 1934 July 28 7647 9.3 + 3 (— 73) 2 
1937 June 19 8704 9.1 + 5 — 62 2 
30 8715 9 4 + 16 — 67 2 
— 05.6 
RU Her 
160625 1927 Mar. 16* | 4956 Q.2 — 4 — 4! 2 
Apr. 14* | 4985 9.7 + 25 43 I 
=a @any 
S Sco 
161122b 1926 Aug. 10 4738 10.8 + «5 + 78 I 
1929 July 18 5811 10.6 + 13 (+ 68 2 
1930 June 14 6142 11.4 — 7 (+ 57) I 
July 9 6167 11.4 + 18 (+ 95) I 
1931 July 5 6528 12.0 + 28 (+ 85) I 
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TABLE 1—Continued 


| VELOCITY 
KM/ SE( 
D PHASE 
STAR DATE J Mac ¥ 
242 (Days) 
| i No 
| } Emission Absorption No. 
Lines sines 
R Sco 
1611228 1929 Feb. 28 5671 10.4 + 10 — 14 2 
1931 July 6 6520 11.2 — 16 (— 2) 2 
29 0552 10.6 ee - IO 2 
30 0553 10.6 + 8 - 15 I 
= 30:0 
W Oph 
161607 1937 Aug. 28 8774 10.1 + 20 — 62 2 
30 8776 10.1 —- 22 — 47 2 
1939 July 5 9450 cr0 + 26 56 2 
= 56.0 
U Her 
162119 1925 May’  6* | 4277 9.0 — 30 - 48 I 
” 4275 9.0 - 20 45 I 
June 7* | 4300 7:0 + 2 — 37 3 27 26 
July 6* | 4338 8.4 + 31 — 46 5 28 25 
1926 May 28* | 4664 9.8 — 52 — 44 I 
July 25* 722 7 fee + 6 — 36 4 28 28 
~ * ~ - - > 
27 472 7 es r= 49 é 
Aug. 12* | 4740 7.8 + 24 43 2 
as* | A753 8.2 + 37 40 2 
sept. 167 | .4775 9.0 + 5g - 48 2 
17* | 4776 9.0 + 60 47 2 
= 7 6 
T Oph 
162815 1937 Apr. 28 8652 9.9 — 10 50 2 
290 8053 9.9 7 03 2 
1940 July 20 9831 0.2 + 52 70 2 
- O1.3 
SS Her 
162807 1932 May 13 6841 9.1 + 2 — 46 3 
19360 Mar. 5 8233 9.8 + 19 — 44 2 
+ pain et tee 9.9 2% — 49 2 
47.1 
S Oph 
162816 1935 June 17 7971 9.3 — 17 20 2 
1937 May 17 8671 Q.2 =F 18 3 
10.7 
R Dra 
163266 1940 May~ = 5* | 9755 7.4 — 6 —140 4 120 67 
29* | 9779 7 ey + 18 —142 9 132 65 
30* | 9780 7.8 + I9 142 8 133 7 
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TABLE 1—Continued 


| VELOCITY 
(KM/SEC) 








D PHASE | 
STAR | DATE J | Mas. | sancamninialemnaag — 
242 | (Days) 
sesh is No. | : No. 
| Emission ; Absorption “ 
Lines Lines 
UV Her | 
164012 1935 May 18 7941 (8.3) ‘ (— 4) 5 mer ee 
19* | 7942 (8.3) — 19 3 Pactra 
June 12* | 7966 (8.8) = 5 LD Ee EN, RE eae 
= 34-3 
RR Oph 
164319 1927 May 13 5014 Q.2 — 27 + 53 2 Be ae, 
1928 Apr. 14* | 5351 | 9.7 + 6 + 48 2 | ae 
+ 49.9 
RS Sco 
164844 1937 June 18 7 2 — 6 I 
18 53 * § ~~ Me ere Coe 
29 7.4 T IO — 2 
29 V4 = 16 oe 2 
— 70 
RV Her 
1605031 1937 June 20 8705 9.4 — 6 — 45 2 
29 | 8714] 9.3 r 3 — 2 
30—- «8715 9.3 t 4 — 2 
— 490 8) 
RT Sco 
1656 36 1935 Aug. 16 8031 5.4 Tr 4 = OF 3 
WZ Dra 
105752 1933 Apr 3 7166 624 (— 61 2 
1935 June 13* 70967 10.8 — 58 2 
14" 7968 | (10.8 — 63 2 
ede oy | 
R Oph 
170215 1939 July 4* 9440 80 + 72 — 57 2 
RT Her 
170627 1937 May 17 8671 04 4 — 76 2 
1s 5072 QO 4 3 —~ 7G 2 
Z Oph 
171401 1936 Apr. 7* 8266 9.0 - 40 — 8&9 3 
RU Oph | 
172809 |} 1937 June 19 8704 | 9.2 ‘Be — 76 2 
30 8715 | 9.4 ea eee 2 
ey = Fae gs 
RT Oph 
175111 1938 June 8 9058 10.5 + 55 — 58 2 
1939 July 5 9450 10.2 + 25 — 50 3 


WA 
w 
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TABLE 1—Continued 


VELocIty 
(KM/ SEC) 
STAR DATE a Mac. PRASE 
242 (Days) 
Emission i Absorption No. 
Lines Lines 
V Dra 
r7SO54... 1937 Mar. I 8504 (g. 2) + 25 — 5 2 
1939 June | 9422 9.9 + 3 (+ 2) 2 
8* | 9423 9.8 + 4 + 10 2 
re Sul 
T Her 
180531 1940 July 17* | 9828 8.8 -— 10 —129 4 —122 66 
18* | 9829 8.9 + 11 —129 4 — E22 60 
—128.9 "5225-2 
W Dra 
180565.. 1925 May  6* | 4277 9.6 + 7 (— 32 2 
(i 4275 9.0 + 8 — 28 2 
—= 26:0 
TV Her 
181031 1937 Sept. 23 8800 10 6 — 8 — 78 2 
25 5802 10.6 — 6 — 99 2 
ene fF 
RV Ser 
1821 33 1930 June 14 6142 $1 + 12 (+ Is I 
1937 June 18 8703 8.5 — 12 + 10 2 
12.) 
SV Her 
18222 1937 June 19 8704 10.7 + 16 — 34 2 
29 O714 10.9 + 20 — 20 2 
= 38/5 
T Ser 
182306 1939 Sept. I 9508 10 & — 8 — 10 2 
I Q5 10.8 — 8 — 30 2 
10.4 
SV Dra 
183149 1937 Apr. 29 5053 } re T 14 7 II 2 
30 8654 11.0 r 15 rT 18 2 
+ 14.60 
RZ Her 
183225 1935 Sept. 18 8064 04 — I! + 42 4 
1937 July 30 8745 9.6 I + 6 2 
1938 June 8 go58 9.3 — 13 + 17 2 
9 9059 Q.3 — 12 + 20 2 
1939 May 7 9301 9.5 — 6 + 47 2 
Pe) 0392 9.5 = 5 ror . 22 2 
9 9303 9.5 4 + 20 2 
June 8* | 9423 10.4 + 26 + 26 2 
+ 24.3 
X Oph 


183308 1923 Apr. 30 3540 7.3 + 47 -—— 35 2 
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TABLE 1—Continued 


| VELocITY 
} (KM/ SEC) 
JD PHASE 
S DAtTI MaG 
i x 242 (Days) 
: ares No , No. 
Emission , Absorption j 
Ps Lines Lines 
RS Dra 
184074 1939 Oct. 4 9541 (5.8 — 38 2 
4 O54! 8.8 — 39 2 
— 37.1 
RY Lyr 
184134 1937 June 30 8715 0.4 + 3 — 27 3 
Aug. 29 | 8775 9.6 + 63 a. 3 
— 31.7 
ST Sgr 
i8ssiza 1924 Apr. 16 3892 5.9 2 + 35 3 
1925 May s* | 4296 9.6 + 16 + 20 . 
1930 Sept. 11 6231 8.0 t 6 + 32 3 
13 0233 S.1 r ¢s (-— 32) 3 
1940 July 19 830 10.8 + 48 + 24 2 
+ 28.2 
| ZLyr 
1856034 1926 Aug. 23 4751 10.4 7 — 5 2 
1935 May 18 7041 ‘3.2 31 + 1 2 
June 10 7970 90 0 2 io 4 4 
-~ £6 
RT Lyr 
185737 1937 Aug. 27 8773 11.8 + 31 —104 2 
30 770 11.9 t 34 —= 30) 2 
! 
102.5 
R Aq) 
1g0108 1923 July 29* | 3630 8.3 + 74 + 12 6 
Oct es 3004 11.0 +128 + 22 2 
1939 May 6* Q390 Lh 7 .30 + 24 160 + 36 54 
+T t0-4 
V Lyr 
1g05 29a 1926 June 20* 4687 9 + 7 - 37 2 
1932 Aug. 17* | 6937 10.5 + 7 35 2 
~ 30. 3 
RX Sgr 
IQOS1S 1937 Sept 24 SSO1 g 5 r 6 = i4 2 
25 8802 9 8 r 7 — 42 2 
30.9 
RU Lyr 
1gOQ4I 1940 Apr. 17 0737 11.8 + 74 — 18 4 
May 20 9770 11 6 + 40 10 4 
— 14.1 
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TABLE 1—Continued 


| VELOCITY 
| | (KM/ SEC) 
D PHASE | 
STAR DATE | Mac. ; 
242 (Days) 
| | eer No. 
| Emission Absorption No. 
Lines Lines 
RS Lyr 
190933a 1939 July 5 9450 Lr .s — 42 — 26 2 
0 9451 Pik OS ee = 20 2 
— 27.9 
U Dra 
190907 1927 Apr. 17* | 4988 9.8 + 18 — 12 2 
1931 Aug. I 6555 9.7 - 19 (— 12 2 
Sept. 1* | 6586 9.4 +. 19 gy 2 
prs 
W Aq 
1Q1007 1928 Apr. 14* | 5351 8.2 + 13 — 40 2 
May 2 5369 8.2 + 321 — 232 I 
3 5370 5.3 32 = 3 
8.5 
T Sgr 
IQIOI7 1923 July 28* | 3629 8.9 + 47 — 12 2 
Aug. 30 3662 0.8 aes i. 9a 2 
1924 June 12 3949 g.o — @l — 20 I 
July 1d 39055 8.1 _ c —- 4 I 
Rs fe 
S Sgr 
I91319a 1927 May 13 5014 10.1 - 4 + 24 2 
1935 Aug. 16 8031 II.O + 32 + 26 2 
- 26.0 
Z Sgr 
191321 1926 Sept. 18 4777 | (ro..2 36 2 
1935 June 16 7970 7: + 3 32 2 
18" | 7972 72 ms 37 2 
35 5 
W Sge 
Igi517a 1935 Aug. 12 8027 (9.9 78 2 
15 5020 0.90 OS 2 
73 3) 
R Cyg 
193449 1937 Aug. 22* | 8768 8.0 HG 46 3 
RV Aql 
193500 L035. June. 17 7971 10.0 3 86 2 
July 15* | 7999 10.0 1 25 = tie 3 
82.8 
RT Cyg 
194048 1940 May 18* | 9768 8.0 + 2 125 It 116 39 
19* | 9769 8.0 + 2 126 17 115 53 
125.5 rre.0 
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TABLE 1—Continued 





VELOCITY 
(kM/SEC) 
JD PHASE 
DATE Mac. | : ee 
oTAe 242 , (Days) 
erie No. : No. 
Emission d Absorption ; 
Lines Lines 
R Mic ; 
203429 1925 July 5 | 4337 10.4 + 18 (+ 4) et eee Ome Cre 
1938 Oct. 11 g183 9.4 “—— 20 > 4 Bm bre Rasiera orn Pervaarers 
+ 4.4 | 
RU Vul | 
203422 1940 Aug. 23 g865 0.5 + 23 — 96 2 nelatoreele shades 
24 9866 9.5 + 24 — gl 2 SEO omen 
| 
= O5-4 
S Del 
203816 1937 May 16 8670 9 8 — 40 — 19 2 S| rice 
June 29 8714 9.0 + 4 — 22 aa Oe es Pree 
— 20.6 | 
T Del | 
204016 1926 July 24” | 472! 9.5 + 25 — 19 7 ee etn ore ee 
27* | 4724 9.5 + 28 — 21 a AP ON Cer cc 
— 19.8 | | 
W Aqr | | 
204104 1930 July 9 6167 9.7 + 27 — 29 7 Ta CO ec Poe 
Aug. 6* | 6195 10 6 + 55 — 22 I aes 
1931 July 2” | 0525 8.9 mm Ss = 2 . er 
—' 264 | 
V Del | 
204318 1936 July 2* | 8352 10.3 — 4 — 39 $ Tied vnaideenaesees 
ao | 
Tr Aqr 
204405 1940 July = 17* | 9828 8.2 — 4 — 49 3 | — 37 57 
18* | 9829 8.2 — 3 — 5I 3 = 36 
| 3 
— 50.0 | — 39.7 
UX Cyg 
2050308 1935 June 12* | 7966 10.0 f+ 1 — 18 | OPP | Cares rac 
July ES" 7999 10.8 + 34 — 23 ie Cees Co 
— 19.7 
RR Cap 
205027 1935 July 17* | 8001 (9. 2) — 7! a}. Aas eee 
Aug. 16 8031 (9.2 — 70 od Coreen cee | rere 
| | 
. | 
= 7° / | | 
V Cap | 
210124 1931 Sept. 3 6588 Q.1 + 8 (— 41) 2 Eee oe 
1940 Oct. 14 QQ17 9.5 — 2 —= 44 2 REP er 
14 QQI7 90.5 ms 2 eter Ae, POPP eN errr 8 Fo 
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TABLE 1—Continued 


VELOCITY 
| (KM/ SEC) 
STAR DATE JD Mac. ringaaa 
242 (Days) 
Emission Ne Absorption No. 
Lines Lines 
R Cas 
235350 1926 June 21* | 4688 6.1 —- I + 10 2 + 29 18 
22* | 4689 6.1 fe) + II 2 “+ 27 23 
July 25* | 4722 7-4 + 33 + 19 3 + 25 27 
Oct. 22° | 4811 9-4 +122 + 7 5 (+ 26 8 
1927 Sept. 10* | 5134 720 + II + II 2 + 22 37 
16* | 5140 7 + 17 (+ 3) 2 (+ 18 17 
1928 Oct. 5™ | esos 7.4 — 31 + 12 2 + 21 39 
6* | 5526 7.3 30 + 15 2 + 27 29 
1939 June 8* | 9423 6.1 — 32 + 13 4 + 27 43 
July 6* | 9451 a oe + 25 + 13 10 + 30 40 
29* | 0474 23 + 48 + 3 7 + 45 44 
Aug: 3” | 9507 8.4 + 81 + 9 13 
“10.0 as 6 
Z Peg 
235525 1926 Sept. 17* | 4776 Q.1 — 7 — 44 2 
1927 Aug. 11* | 5104 8.3 — 16 — 43 2 
~ 45:6 
W Cet 
235715 1927 Oct. 13 5167 O23 — 47 + 6 2 
Nov. 10 5195 aa — 19 — 4 2 
11* | 5196 a — 1S —- 4 3 
1928 Nov. 30 5581 8.6 + § — 2 2 
- 9 
Y Cas 
235855 1926 Aug. II! 4730 10 o+ — 309 — 24 2 
23 4751 10.0+ — 27 — 29 2 
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NOTES TO TABLE 1 

It is of interest to compare the notes on the bright hydrogen lines with the remarks in the Henry 
Draper Catalogue. 

000451, SS Cas. Mse. Bright Hy and Hé are outstanding. 

004132, RW And. On the first two plates the approximate intensities of bright H8, Hy, and Hé 
are 2, 3, and 6, respectively; on the third plate 0, 1, and 5. The ratio Hy:Hé6 appears at times to be 
unusually low. 

004746a, RV Cas. Bright Hy is scarcely visible although Hé is outstanding. 

o1o102, Z Cet. Observations at Harvard and Mount Wilson indicate that the type varies from 
Mie to Mée. 

034625, U Eri. The approximate intensities of bright 18, Hy, and Hé are 1, 5, and 2, respectively. 

044617, V Tau. On the four plates the types are, respectively, M4e, Moe, M2e, Mqe. The range in 
velocity seems unduly large. Perhaps the velocity decreases rapidly after maximum light. 

055046a, RS Aur. Does the velocity decrease after maximum? 

060643, RR Aur. The dark lines seem unusually weak. The bright lines are outstanding. 

070109, V CMi. The ratio of intensity of the bright lines Hy: H6 is unusually low. 

071201, RR Mon. The dark lines \ 4077, \ 4215, Sr 1, are unusually intense. 

072820b, Z Pup. Observations at Harvard and Mount Wilson show that the type varies from M4e 
to M7e. 

073723, S Gem. On the first plate, phase — 34 days, the type is M8e. 

083350, X UMa. In April, 1936, the approximate intensities of the bright lines H8, Hy, and Hé were 
o, 3, and 3, respectively; on March 28, 1921, they were 3, 4, and 3. 

ogoo24, S Pyx. The velocity may vary. 

102900, S Sex. On the first plate, phase —45 days, the type is more advanced and the bright HB 
line relatively weaker than on the other plates. 

104814, W Leo. On the first plate, although at phase +34 days, bright Hé is at least five times as 
intense as Ty. The 7iO band absorption is very strong. 

143227, R Boo. The Ann Arbor and Mount Wilson observations offer some evidence of algebraically 
lower velocity after maximum light. 

150018, RT Lib. On the first two plates A/O band heads at \ 4648 and Xd 4842 (in absorption) are 
more intense than in any other star observed, while bright 78 is unusually strong. On the last plate the 
spectrum is a normal one of class Mse, 1 being weak or absent. 

161122b, S Sco. The lines on all plates except the first are badly underexposed, and the measures are 
unreliable. 

162815, T Oph. The first and last plates are of slightly inferior quality, and it is not certain that the 
difference in velocity is significant. 

164012, UV Her. The first plate is strongly exposed, and the discordance of its velocity may not be 
significant. 

165636, RT Sco. Bright 7 is unusually intense. 

183225, RZ Her. The velocities are discordant, and there are some peculiarities in the behavior of 
individual lines. An investigation of the bright lines with the 18-inch camera might prove valuable. 

185512a, ST Sgr. On the last plate, phase +48 days, the 7iO0 bands are very strong. The behavior 
of the spectrum may resemble that of T Geminorum. 

194048, RT Cyg. The absorption spectrum bears a strong resemblance to that of a Orionis, although 
differing in certain details. \ 4227 Ca 1 is very narrow and sharp. A photograph of the ultraviolet bright 
lines is reproduced in Mt. W. Contr., No. 642; Ap. J., 93, 40, 1941. 

195142, RU Sgr. The difference in velocity may be intrinsic. In other variables the velocity from 
the bright lines has been found to decrease algebraically after maximum light. 

200212, SY Aql. The divergence of velocity shown by the last plate may possibly be real. If so, the 
usual tendency for the velocity to decrease algebraically after maximum is reversed in this star. The ob- 
servation needs confirmation. The bright lines are very strong on all the exposures. 

220714, RS Peg. The post-maximum bright lines AA 4202, 4308, 4376, and 4571 are visible. All ex- 
cept A 4202 are of low intensity. 
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The numbers of spectrograms obtained at various apparent magnitudes in three ex- 
tensive programs are shown in Table 2. 
TABLE 2 


NUMBERS OF SPECTROGRAMS AT VARIOUS 
APPARENT MAGNITUDES 


Apparent Ann Mt. Wilson | Mt. Wilson I ; 
otal 
Magnitude Arbor IQIQ-1923 1924-104 

Brighter than 7. 26 26 cc 116 
ioe 728 15 OO Os 0 
o.0- 8.90 sO 140 125 220 
g.O- 9.9 Oo 52 1O1 244 
10.0-10.9 I 127 137 
Fainter than 10.9 fe) == 57 

Sum 127 18 618 | 


COLLECTED RADIAL-VELOCITY DATA 


The velocities in Table 3 summarize all known measurements. The chief sources, in 
addition to Table 1 of the present Contribution, are: 


P.W. MERRILL, Pub. Obs. Univ. of Mich., 2, 45, 1916; and Mt. W. Contr., No. 264; Ap. J., 58, 
215, 1923. (These two articles include references to early measurements by other observers.) 

EpwIn B. Frost and FRANCES LowATER, A Pp. J., 58, 265, 1923 (o Cet, R Leo, T Cep, R Ser). 

LEAH B. ALLEN, Lick Obs. Bull., 12, 71, 1925 (20 southern variables). 

A. H. Joy, Mt. W. Contr., No. 311; Ap. J. 63, 281, 1926 (o Cet). 

P. W. Merritt and A. H. Joy, Mt. W. Contr., No. 382; Ap. J., 69, 379, 1929 (R Vir). 

P. W. MERRILL and C. G. BuRWELL, Mt. W. Contr., No. 399; Ap. J., 71, 285, 1930. 

A. H. Joy and P. W. MERRILL, Mt. W. Contr., No. 550; Ap. J., 85, 9, 1937 (R CVn). 


The galactic co-ordinates, / and 8, are based on the pole a = 12" 4go™, 6 = + 28° 


(1900). The recorded spectral type represents the probable average type at maximum 
light; for many stars both the Harvard records and the Mount Wilson observations 
have been taken into consideration. The photometric data, ‘‘Period”’ and ‘‘ Magnitude 
at Maximum,” were supplied from the Harvard Observatory through the courtesy of 
Dr. Harlow Shapley and Mr. Leon Campbell. The emission-line velocities and the ab- 
sorption-line velocities not in parenthesis are direct measurements. The absorption-line 
velocities in parenthesis were derived from measurements of the emission lines in the 
manner described in Mt. W. Contr., No. 644.3 It is recommended that the absorption 
velocities be used in all studies of the galactic motions of long-period variables. The last 
column, ‘‘Residual Velocity,” is the absorption-line velocity corrected for the standard 
solar motion, 20 km/sec, toward a = 270°, 6 = +30°. 

As far as physical characteristics are concerned, the objects included in Table 3 are 
believed to constitute a fair sample of long-period variables of spectral classes Me and 
Se. The spatial distribution is less satisfactory because of the small number of stars ob- 
served in extreme southern declinations. The velocities of 20 southern objects obtained 
by the Chile station of the Lick Observatory’ are very valuable. 1 am indebted to 
W. W. Campbell, late director of the Lick Observatory, for these observations which 
were obtained at my request many years ago. Velocities for 40 additional variables south 
of declination — 40° would still further strengthen the whole statistical discussion. 











RADIAL VELOCITIES OF LONG-PERIOD VARIABLES 199 


TABLE 3 


RADIAL VELOCITIES OF LONG-PERIOD VARIABLES 


VELOCITY 





Maa. (KM/SEC) 
PERIOD | 
No. TAR Des b SPE¢ Ms. : ; 
AYS) | ] 
Max. | | 
Em. Abs. Resid. 
I SS Cas 0045 I 84 11 M4e 142 8.5 | — 25 | (— 19) | — 11 
2 S Scl 001032 | 322 82 Moe 206 6.9 + 14 + 35 + 29 
2 X And 101040 85 IS Se 346 9.0;| — 18} (— 4) | + 3 
4 tr And 001726 84 35 M4e 281 8.5 — 95 — oe i= 87 
5 PCas | 001755 | 87 7 M8e 445 8.2) ~ 2 se fw | 
6 R And 001838 85 24 Se 4009 6.9 | — 20 — 8 — 2 
7 S Cet OO1gog 74 71 M 3¢ 321 8.2 | + 20] (+ 33) | + 30 
8 Y Cep 003179 go 18 Ms¢ 333 9.5| — 13] ( o) | + 9 
9 U Cas 004047 | 90 14 Se 278 8.4) — 55| — 45 | = 40 
10 RW And 004132 go 30 Ms« 431 a25 — 320 (— 15) 12 
II V And 004435 QI 29" | M 2¢ 258 9.2 + 8} (+ 16) | + 19 
12 RR And 004533 g! 28 Mse 320 9.2} — 85 | (— 71) | — 68 
13 RV Cas 004740 g! 15 M(7)e 331 g.2| — 80] (— 67) | — 62 
14 W Cas 004958 g! 4 Se 400 8.8 | — 58 | (— 39 — 32 
15 Z Cet O1O102 | 102 64 M (2 184 88;|— 6] (+ 3)|—-— 2 
16 x Px 010621 98 40 M6¢ 352 8.0} — 31] (+ 11) | + 10 
17 U And O10g40 gO 21 Moe 347 9.9 i9| (— 4) /— 2 
18 UZ And O1104! gO 20 M 7¢ 314 10.1 - 51 | (— 39) | — 36 
10 S Cas 11272 Q2 10 Se 612 8.2 - 53 | (— 32) a 
20 RZ Per 12350 7 11 S« 354 9.5 26 | (— 10) — 6 
21 R Ps 12502 | 112 58 M4 344 8.2 | — 59] (— 45) | — 51 
22 SX And 12740 09 15 Mo6¢ 335 Q.1 82 | (— 69 — 66 
23 Y And 13335 101 23 M 3¢ 220 Q.4 17 (- 7) — 0 
24 U Per 15254 | Io1 ( Mo6« 318 8.1 + 8 + 17 + 21 
25 S Ari 15912 | 118 4( M 4¢ 95 10.9 an — 27 — 33 
26 R Ari 1024 | 115 3 M 3¢ 187 8.2, +102 +114 +110 
27 \ And 1143 107 IS M&« 307 ie. - 45 — 28 — 28 
28 o Cet 1403 | 137 7 Mo6¢ 331 3.4 + 48 + 64 + 5 
29 R Cet 22000 | 136 54 M 4¢ 107 8.1 +- 32 + 42 | + 32 
) RR Per 2215 10 8 Mo6x QI pe == 35 r 9 + 10 
31 U Cet 22813 | 156 61 M3 235 76 — 30 — 27 — 39 
32 R Tri 92522 | 19S M4 200 6.0 L 60 + 67 | + 63 
3 R Hor 231 M7« 401 6:4:| -F 47 + so | + 44 
34 U An 514) 134 35 Ms 370 2 st | (— 37) | — 47 
35 X Cet 31401 | 151 415 M 2¢ 176 8.8 + 5I +- 50 + 46 
| 
36 R Per 2335 | 124 16 M 3¢ 21 8.6 89 — 78 | — 8&4 
37 U Eni 934625 | 187 49 M 4¢ 273 8.4 ai (=329 |= 8 
38 tr Eni 35124 | 186 | M 4¢ 252 o.4 + 34 | (+ 42) | + 25 
30 W Eni 040725 | 189 { M7 375 8.7} + 11 | (+ 26) |} + 8 
40 R Tau 42209 | 153 24 M s¢ 324 So | - 16} (CF 32) 1 “FIs 
4! S Tau 42309 | 153 24 M7 373 9.6 + 26} (+ 40 + 26 
42 T Cam 43005 | ITI 14 Se 27% 8.1 19 | (— 2) fe) 
43 R Ret 13203 | 241 20 Mae 277 7.6 + 18 | (+ 26) | + 10 
14 RX Tau 43208 | 156 2 M7e 337 Q.3 36 | (— 22) — 36 
45 X Cam 43274 | 104 19 Mze 143 8.2] - 6 | ( 0) + 5 
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TABLE 3—Continued 
| | | | | | — 
| | VELOCITY 
| | Sie Mac. | (kM/SEC) 
No. | STAR | Desic. | / b | SPEC. : AT 
| | (Days) is 
Max. 
| | Em. Abs. Resid. 
BOR aca. R Pic 044349 | 223 | —40 |} Mie 170 | 6.7 | +208 +204 | +186 
7 ae | V Tau 044617 | 150 | —15 | Mze | 170 | 9.2] + 70/| (+ 78) | + 65 
- re R Ori 045307 | 160 | —19 Se | 379 | 9.5 | + 19 | (+ 36) | + 21 
Bone T Lep 050022 | I90 | —3! M7e 307 | 84] — 18] (— 4) | — 23 
50. ... V Ori 050003 | 164 | —20| Mze | 268 | 9.4/ + 14| (+ 22) | + 6 
51 R Aur | 050953 | 124 | +10} Mz7e 458 | 8.0] — 10 + 8 - “6 
52. T Col 051533 | 204 | —32 Mae | 225 | 7-5 |—+ 56 + 66 + 46 
es. AC Aur 051950 | 128 | + 9 Mse | 314 | 8.6] — 33] (— 21) | — 2% 
54. W Aur 052036 | 139 | + 2 Mze | 274 | 9.2] —140 |] (—132) | —140 
Rie. S Ori 052404 | 175 | —19 M7e 416 | 7-9 + 8| (+ 22)|+ 4 
56. RU Aur 053337 | 140 | + 5 M8e 462 9.5 | — 52} (— 38) | — 46 
57- U Aur | 053531 | 145 | + 2 M7e 4088 | 86/+ 7| +15 | + 6 
58... S Col 054331 | 204 | —26 Moée 398 | 9.2 | = 00.) Mee 7s) It = ee 
59... R Col 054629 | 202 | —24 M3e 327 g.2 | + 37 1 tr 7 + 50 
60. . U Ori 054920 | 156 | — I M8e 333. 1 ‘620 |. — 3A — 22 — 34 
61.. RS Aur | 055646 | 134 | +13 M4e 172 861+ 9! (4+ 17) | +12 
62.. R Oct 055086 | 266 | —29 Moe 406 | 8.0 | + 3! + 46 + 35 
63. : X Aur 060450 | 131 | +16 M3e 63 | $8.3 | — 26 | (— 38) | — a2 
64. RR Aur 060443 | 138 | +13 M3e 308 | 9.0] + 14] (+ 25) | + 19 
65. V Mon | 061702 | 179 | — 6 Mse | 334 | 7-2 | + 16] (+ 30) | + 12 
66. U Lyn 063159 | 123 | +23 M(8)e 438 9.7 | — 30| (— 16) | — 16 
67. S Lyn 063558 | 125 | +23 M7e 301 9.4 | — 22] (— rr) | — 42 
68. X Gem | 064030 | 153 | +14 Mse 264 | 8.2| + 67 | ( +75) | + 65 
69. Y Mon | o6s5111 | 171 | + 8 M4e 230 9.1 | + 61 | (+ 71) | + 56 
70. X Mon 065208 | 189 | — 1 M3e 156 7.3 | +153 +160 +142 
71 R Lyn 065355 | 128 | +25 Se 379 8.0} + 10] (+ 28) | + 26 
72 R Gem o70122 | 162 | +15 Se 37 7.3 | — 56 — 40 — 52 
73 V CMi O7010g 174 | 7 9 Moe 3606 8.9 | + 23 (+ 37) + 22 
74. R CMi 070310 | 174 | +10 Se 338 7.9 | + 34] (+ 48) | + 33 
Ee L, Pup 071044 | 223 | —14 Mse 141 4.0 | + 49 + 53 + 34 
76 RR Mon | 071201 | 183 | + 8 Moe 393 9.5 | + 14] (+ 28) | + 12 
77 V Gem | 071713 | 172 | +14 M4e 75 3.3 | i + 22 + 8 
78... S CMi 072708 | 178 | +14 M7e 232 7.5|+ 55] (+ 68) | + 5 
79 Z Pup 072820 | 204 | + 1 M6e 512 7.5| + 12| (+ 26)|+ 8 
BO... TCMi | 072811 | 175 | +16 M(s)e 319 9.4] + 23] (+ 35) | + 21 
81 UCMi | 073508 | 179 | +16 M4e 411 8.8 | + 42] (+ 56 + 42 
82 SGem | 073723 | 165 | +22 Mse 293 8.8 | +101 | (4111 + 100 
83. W Pup 074241 | 224 | — 8 M3e 121 S.4 | + 23 1 Ge ri 2 
84 T Gem | 074323 | 165 | +24 Se 288 | 8.7 | + 11] (+ 22) | + 12 
Bei. U Pup 075612 | 200 |} +10 Moe 316 | 10.3 | — 13] (— 1) | — 18 
86. R Cnc o81112 | 180 | +26 M7e 3061 6.8 | + 19 + 32 + 20 / 
87. V Cnc 081617 | 174 | +29 Se 272 7.7|— 12] (— 1) | — 12 
86 RT Hya 082405 | 198 | +20 Moe 252 7.1 | + 35 + 40 + 25 
89 U Cnc 083019 | 174 | +33 M2e 305 9.4} + 61 | (+ 72) | + 62 
go X UMa | 083350 | 136 | +39 M4e 248 9.5|—o1 | (— 83 — 54 




















126. 


128. 
129. 
130. 


131 
132 
133 


S Hya 
T Hya 
S Pyx 
W Cnc 
R Car 


X Hya 
Y Dra 
R LMi 
RR Hya 
R Leo 


S LMi 
V Leo 
S Car 
S Sex 
R UMa 


W Leo 
S Leo 
RU UMa 
X Cen 

ZUMa 


R Com 
SU Vir 
T Vir 
R Crv 
Y Vir 
TUMa 
Vir 
UMa 
UMa 
U CVn 


r 
RS 
> 








| 


DEsIG. 


084803 
085008 
090024 
090425 
092962 


093014 
093178 


| 293934 


09402 3 
094211 


094735 | 
| 095421 


100661 
102900 


| 103769 


104814 


110506 
113039 


| 114441 


| 115158 


| ITI5QI9 


| 122803 | 


120012 
120905 
121415 


123160 | 


| 123307 
| 1234590 
123901 


124238 


124606 | 
130212 


131540 


| 132262 
| 132202 | 


132422 
| 132706 


133273 


| 133033 


134327 


| 134434 | 


| 134440 | 
| 134536 
| 140113 
| 140512 





193 


205 
220 


170 | 
250 | 


216 
158 


1g2 


28 


46 
284 


328 
300 





+30 | 


+24 


+42 
— 8 


| +28 


IOI | 


+36 
+51 


| +23 
| +46 | 


Bek 
| +52 | 
i—* 
| +48 
| +45 


+61 
| +590 


+++ 
8a 


ans 


wn OAL ~IsJ 


Sun 
o 3 


+++++ +4+4++4+4+ 


M4e 


er olee) 
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SPEC. 


M3e 
M3e 
M7e 





Mse_ | 
| 
M7e | 
Mse_ | 
M8e_ | 
M4e 

M8e 


Mg4e 
M(s)e 
Kse 
M3e 
M4e 


M7e 
M(3)e 
M3e 
M6e 
Moe 


Mse 
M3e 
Moe 
Mse 
M(s)e 


M4e 
M4e 
M4e 
Se 

M7e 


M4e 
M(s)e 
Mse 
M4e 
M(5)e 


M7e 
M7e 
Mse 
Moe 
M8e 


Mse 
Moe 
Mse 
Mse 
M(s)e 





I+1++ +1 


| Mac. 
PERIOD | a 
(Days) | eax. 
ac6 | 7.6 
289 | 7.9 
207 | 8.2 
392 | 8.2 
3°99 | 4-4 
302. | $7 
326 | 9.0 
372 | 7-9 
343 | 8.4 
313 | 5-9 
235 8.5 
273 9.0 
149 5-3 
207 Q.2 
30l aS 
386 | 9.4 
189 | 10.0 | 
252 8.5 
314 | 7-4 | 
1990 | 7.0 | 
362 | 8 4 
210 9.3 
339 9.4 
317 7-4 
218 9.4 
257 8.0 
145 6.9 
260 8.9 
226 7.6 
347 8.0 
207 8.1 
20090 10.1 
1g2 6.8 | 
229 9.3 
250 | 8.6 
495 4.2 | 
377 7.0 
310 Qg.I | 
g!I 6.1 
372 7-1 
254 10.0 | 
320 7.6 
327 8.6 
281 9.3 | 
397 9.9 
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96 
63 

















VELOCITY 
(KM/SEC) 

Abs Resid. 
(+ 74) | + 62 
(— 3)|— 37 
(+100) | + 85 
(+ 40) | + 42 
+ 2 |+ 11% 
+ 42 | + 29 
(+ 23) | + 31 
- ie. 1 9 
(+ 47) | + 34 
3s ie @ 

| (— 23 — 28 
+289 | +276 
(— gs) | = 4 

+ 34 | +41 
(+ 54) | + 51 
(+106) | +103 
(— 55) | — 50 

| (+ 40) | + 32 
=~ 1 ae 
(— 3) | ° 
(+ 22) | + 24 
(+ 22) | + 22 
(— 22) | — 24 
(+ 9) | +11 

| 

- i= 
— 35 | 22 
(— 26) | — 16 
+ & i+ 
(~ st 

| 

— 46 — 4! 
(+ 33) | + 35 
= 2) te 
(— 39) | — 27 
(+ 33) | + 390 
cn, — 4 
(+ 10) | + 15 
(- git 8 
+ 25 | + 25 
+ 42 | + 45 

| 
(— 12) | ° 

—- 6/1+ 7 
(— 1)]/-— 1 
(+ 40) | + 51 
(+ 68) | + 75 
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| | 
| | | VELOCITY 
| | eoray | MAG. | (KM/SEC) 
No STAR DESIG. l b SPEC. | Se AT 
| (Days) | ae | 
} | | | Em. Abs Resid. 
r6......-] RU bia | 140528 | 292 | +30 Mée 334 9o.1|— 11! (+ 2 + 5 
[37......) &Gen | 140950 | 251 | + 2 M4e | (559) 6.0] — 27 - 20 — 24 
2S Ae U UMi 141567 | 76] +48 M6e 328 8.3 | — 39 — 26 — 13 
DRO w.-s SBoo | 141954! 62 | +58 M4e | 271 Sg) — 2¢1(-— » — 3 
AO... RS Vir 142205 | 321 | +57 Moe 352 8.0 | — 4o | (| 26 - Is 
t..... V Boo | 142539 | 34] +65 M6e | 259 7.5 2 — 38 - 23 
142... RCam | 142584 | 87 | +33 Se | a7 | 8.3 | — a6 | (— 33 = aa 
ea sas. R Boo | 143227 | 5] +65 Mue | 2293 | 7.2 | 260 5 - 44 
er VLib | 143417 | 305 | +37 Mse | 256 | 9.0} + 7] (+ 15 + 22 
145......| RR Boo 144339 | 33 | +62 Mze | 1094 8.7] — 53 | | — 2 
| | | 
| | 
BRO) 5)20 U Boo | 144918 | 349 | +509 M4e | 186 | 10.2} + 10] (+ 19 + 33 
7 ee RT Lib 150018 | grt | 1-33 M4e | 252 | 9.0 | + 33] (+ 41 + so 
“ee T Lib 150519 310 | +31 M4e | 237 9.9 - 57 | (— 48 — 349 
i Y Lib | 150605 | 322 | +41 Mse | 274 8.3 I} (— 7)|/+ 5s 
ESO..... S Lib | 151520 | 312 | +209 Mze | 193 8.5 | +285 | (+2094 + 302 
Pst. oer 151714 | 348 | +52 Mse | 207 | Sis | — 2 | Gr 1a) + 27 
152. RW Lib | 151723 | 310 | +26 Se | 203 | 8.6 | +128 | (+140) +148 
153. S CrB 151731 16 | +56 M7e 361 | 7.0 22 - J + 15 
rs4. RS Lib” | 151822 | 311 | +27 M7e 218 | 7.6} — Is — s)|+ 
155. RU Lib 152714 | 319 | +31 M(5)e | 7 8.2 | — 60 — 47 — 36 
166... X Lib 153020 | 315 | +26 M(3)e 165 | 10.8 - 39 — 31 - 22 
157... SUMi | 153378] 81 | +36| Mye | 324 | 8.3| — 53] (— 40 27 
mS ... U Lib 153620 | 316 | +25 M(3)e 226 | 9.2 + 85 | (+ 95) | +105 
150 TNor | 153654 | 2904 | — 1 M4e 242. | 70°] = 30 — 30 — 31 
100! .... XCrB_ | 154536 25 | +50 M6e | 240 | 9.0 | —113 —104 — 6 
ae R Ser 154615 | 354 45 M7e 357 | 6.9/1 + 7 + 24 + 40 
162 . RLib | 154775 | 322 | +27 M(s)e 242 10.0/ + 5 t+ 14) + 25 
163 .. RRLib-~ | 155078 | 321 | +25 M4e | 277 8.9 - 4I 33 - 22 
K64 ...2: Z CrB 155229 14 | +48 M4e | 250 10.0 8g 81 63 
165 .. RZ Sco 155823 | 318 | +19 Mae | 160 8.8 -182 174 164 
166 . Z Sco 160021 | 320 | +21 Moe 355 9.1 66 | | 52 - 42 
ye R Her | 160118 o | +43 Moe 322 8.9 2 3 13 
168. U Ser 160210 | 350 | +39 M3e 238 8.3 40 31 14 
169. RU Her 160625 9 | +44 M7e 483 7.9 o | | 25 - 7 
170 S Sco 161122 | 321 | +18 M(3)e 177 9.9] + 77 + 85 + 96 
171. R Sco 161122 | 321 +18 M(3)e 222 10.1 II ) + 11 
Ve W CrB 161138 27 | +45 M4e 238 8.3 | + 10] (+ 20 + 38 
7s... W Oph 161607 | 334 | +27 M(6)e | 331 9 = §5 42 - 28 
a tes U Her 162119 3 | +39 Mv7e | 406 7.61 — 44 28 — 10 
E75... T Oph 162815 | 329 | +19 M(6)e | 365 | 9.7 | — O61 (— 47 - 34 
es SS Her 162807 | 350 | +32 Mz3e | 107 | 8.9 47 49 - 209 
i977. SOph | 162816 | 328 | +19 Mse | 233 8 - 19 - 9g + 4 
7S... W Her 163137 27 | +41 M3¢ | 280 8.2| — 50] (— 51 32 
yO.....<.| &® Dra 163266 65 | +38 M7e | 245 7.6 | 143 | (—133) “117 
H80.......| UV Her 164012 | 357 | +32 Mé6e 343 8.8 - 14] ( o) | + 18 











Nw KR NK WD 


> et oe cn fe 


KH HK WD 
® WA AD wD 
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| | | | | 
| | | | VELocITY 
| | — Mac. (KM/SEC) 
No. STAR | DeEsic. | l & SPEC. (Days) | SP Tin 
| AVS? | Max. | 
| | Em. | Abs. | Resid. 
L < : Be el ee eel | 
181. RR Oph | 164319 | 328 | +16 M(4)e 294 | 8.5 | + 50 | (+ 60) | + 72 
182. SHer | 164715 1 | +32 Mse 307 | 7.5| — 21 | (— 10) | + 8 
183 RS Sco 164844 | 309 | — 2 Moe 320 6.6|— 6 +97 |} 4s 
184. RR Sco _ | 165030 | 320 |} + 6 Moe 279 6.0} — 45 — 37 | — 26 
185. SS Oph 165202 | 344 | +22 M(4)e 180 9.0] — 43 (— 34) | — 18 
186 RV Her | 165631 20 | +35 M2e 205 10.3 | — 50| (— 40) | — 21 
187 RT Sco 165636 | 316 | + 2 M(6)e 448 7.9 | — 67 | (— 53) | — 45 
188. WZ Dra_ | 165752 46 | +37 Moe 415 | 10.5 | — 61 | (— 46) | — 28 
189. ROph | 170215 | 334 | +13 Mse 302 | 7.6] — 58| (— 47) | — 33 
190. RT Her | 170627 16 | +32 M(s)e 298 | 9.8] — 76 | (— 66) | — 46 
| | | 
191 ZOph | 171401 | 351 | +20 Mz2e 349 | 8.1 | — g2] (— 78) | — 61 
192 RS Her 171723 13 | +28 Mse 219 | 7.9! — 51 | (— 41) | — 22 
193 RU Oph | 172809 o | +20 M3e 202 9.1 | — 74] (— 65) | — 47 
104 RT Oph 175111 5 | +16 M7e 427 | 9.4] — 54] (— 40) | — 21 
105 RY Her 175519 13 | +19 M4e 221 8 | — 50 — 39 | — 19 
196 V Dra 175054 50 | +29 M4e 278 9.8! + 51] (+ 13) | + 31 
107 T Her 180531 25 | +21 M3e 165 7.8 | —130 —122 | —102 
198 W Dra 180505 63 | +29 M3e 260 9.6 | — 29 | (— 21) | — 5 
199 TV Her 181031 26 | +20 M4e 304 9.0] — 77 | (— 66) | — 46 
200 W Lyr 181136 3) | “a2 M4e 196 7.71 —183 —174 | —154 
201 RY Oph 181103 o/+ 8 Mse 151 8.2} — 72] (— 65) | — 57 
202 RV Ser 182133 | 328 | —12 Mse 318 7.8 | + 12 (+ 24) | + 33 
203 SV Her 182224 21 | +15 Mse 239 9-5 | — 32] (— 23) | — 3 
204 T Ser 182306 4|+ 6 M7e 342 9.3 | — 10 (+ 4) | + 22 
205 SV Dra 183149 | 45 | +22 Moe 258 9.7) +15 | (+ 22) | + 41 
206 RZ Her 183225 23 | +13 Mse 328 9.6 | + 24 | (+ 38) | + 58 
207 X Oph 183308 7\/+ 5 M6e 335 | 6.8| — 84] — 71 | — 52 
208 \K Her 183922 20 |} +11 M(s)e 246 9.3 | — 60} (— 52) | — 32 
209 RS Dra 184074 72 | +27 M(5)e 280 8.3 | — 37] (— 29) | — 15 
210 RY Lyr 184134 31 | +15 Mé6e 327 9-6} — 32| (— 19) | + 1 
| | 
211 ST Sgr 185512 | 350 | — 9 Se 395 9.4 | + 28] (+ 46) | + 60 
212 Z Lyr 185034 | 33 | +13 Mse 288 99} — 4| (+ 5)| + 24 
213 RT Lyr 185737 36 | +13 M(s)e 251 10.1 | —103 | (— gg) | = 99 
214 R Aq) IgO108 io | — 1 M7e 300 6.0 | + 21 + 34 | + 52 
215 V Lyr 190529 29 | + 8 Mz7e 374 9.7 | — 36 | (— 22) | — 3 
| | 
216 RX Sgr 190818 | 346 | —15 Mse 334 90.4] — 37 | (— 23) | — 10 
217 RU Lyr 1QOQ4I 40 | +13 M8e 370 10.6} — 14] ( o) | + 19 
218 8S Lyr 190933 | 33 | +9 M(s)e 301 10.2} — 28| (— 18) | + 1 
219 U Dra 1gOQ07 05 +-22 Moe 315 0.5 12 ( o) | + 16 
220 W Aq! 191007 | 357 | —I0 Se 489 8.4] — 38 | (— 18) | — 3 
221 T Ser 191017 | 348 | —15 Se 392 8.0} — 16] (+ 2) | + 15 
222 R Sgr 1gto1g | 346 | —16 Mse 269 7.3 | — 52] (— 45) | — 33 
223 Z Ser 191321 | 345 | —17 Mse 450 &.5 | — 39:1 (= -aeF P oe 
224 S Sgr 191319 | 347 | —16 M4e 231 10.0 | + 25 | (+ 35) | + 47 
225 W Sge 191517 | 19 | +1 M4e 279 10.0 | — 74 | (— 66) | — 47 
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| 
| 
VELOCITY 


| ne Mac. | (kM/SEC) 
No. STAR DESIG. l b SPEC. she e . 
DAES oo ree —- 
Max. 

Em. Abs. Resid. 

236......] RE Aal 193311 16 | — 6 M7e 326 | 8.0] — 54| (— 41) | — 23 
227. RCyg | 193449 | 50 | +13 Se | 425 | 7-4| — 46] (— 25)/— 7 
228. RV Aql 193509 15 /— 8 Mze | 219 | 9.1 | — 84| (— 74) | — 57 
229. T Pav 193972 | 290 | —3! M(4)e 244 8.0 | + 63 + 68 + 63 
230. RT Cyg 194048 49 | +11 M2e 190 7.3 | —126 —116 — 98 
231. TU Cyg 194348 50 | +11 M4e 219 9.5 | — 90] (— 80) | — 62 
232. X Aql 194604 12 | —13 Moe 348 8.8 | + 10} (+ 24) | + 40 
233. x Cyg 194032 30 | + 2 Mpe 407 5.1 | — 16 ° + 18 
234. S Pav 194659 | 305 | —32 M7e | 387 7.4 | — 26 — 22 — 23 
235. RR Sgr 194929 | 339 | —27 Mse 335 6.6 | + 71 | (+ 85) | + 4 
236. RU Ser 195142 | 326 | —3!1 M4e 241 7.0} — 76 | (— 68) | — 63 
237. RR Aql 195202 7|—-17 Moe 304 8.o| + 11] (4+ 11) | + 26 
238. RS Aql 195308 1 | —20 M7e 413 9.9} — 14} ( o i+ 1% 
239. Z Cyg 195849 52 | +10 Mse 262 8.8 | —173 | (—166) | —149 
240. SY Aql 200212 1 | —12 Mse 356 9-5 | — 83 | (— 68) | — 51 
aut... S Cyg 200357 50: | 13 Se 323 10.0 | — 31 | (— 17) ry 
242... S Aql 200715 24 | —II M3e 146 9.2 | —120 | (—113) | — 96 
243. RU Aql 20081 2 22 | —13 Mse 274 9.3 | + 12 | (+ 20) | + 36 
244. W Cap 200822 | 349 | —29 M(5)e 208 10.0/ + 5] (+ 15) | + 25 
245 Z Aql 200906 5 | —23 M3e 129 g.1|— 10} (— 6)|+ 7 
240. R Del 201008 19 | —I5 Mse 285 8.4| — 55 | (— 46) | — 30 
247 RT Sgr 201139 | 3290 | —34 Moe 3006 7.2| + 24] (+ 35) | + 40 
248. . SX Cyg 201130 38 | — 3 M7e 412 8.8} — 22] (— 8) | + 10 
240. . Z Del 202817 29 | —14 Se 304 9.0 | + 22} (+ 34) | + 50 
250 ST Cyg 202954 soi +8 Moe 334 9.8| — 27| (— 14) | + 2 
+ R Mic 203429 | 343 | —37 M4e | 139 9.2/+ 4] (+ 10) | +17 
252 RU Vul 203422 34 | —12 M3e 157 6.8 | — 93 | (— 86) | — 90 
253 S Del 203816 30 | —16 Moe 277 9.0| — 21] (— 13) | + 3 
254. T Del 204016 30 | —17 M4e 332 9.4 20 | (— 10) | + 6 
255 W Aqr 204104 11 | —29 M7e 380 8.4! — 29] (— 15)]}/— 2 
256 V Aqr 204102 17 | —25 Moe 244 8.3} — 53 | (-— 44 — 30 
257 V Del 204318 32 | —16 Moe 536 9.9 | — 39 | (— 24) | — 9 
258 T Aqr 204405 Io | —30 M3e 202 7.61 — 53 — 39 — 27 
259 X Del 205017 32 | —18 M4e 280 8.9 | — 63 — 56 — 4I 
260. UX Cyg 205030 | 42] —10 M(6)e 562 7.4|— 20| (— 6 + 10 
261 RR Cap 205627 | 347 | —4I Mse 278 8.3] — 71 | (— 63) | — 56 
262 R Vul 205923 39 | —15 M4e 137 8.0] — 17] (— 12) | + 3 
263 V Cap 210124 | 351 | —4I Mse 275 9.0| — 44]! (— 36) | — 29 
264 X Cep 210382 84 | +24 Mse 534 90.51 + 7] (+ 21) | + 33 
265 Z Cap 210516 1 | —39 M3e i8i 9.3 | — 72] (— 64) | — 55 
266. T Cep 210868 72 | +14 M7e 388 6.1 | — 26 — 11 + 3 
O67... .: R Equ 210812 31 | —25 M3e 261 | 9.1 | — 62] (— 54) | — 40 
268. RR Aqr 210903 16 | —34 M2e 182 | 9.2 | —191 | (—182) | —171 
269. X Peg 211614 34 | —25 M4e 201 | 9.3 | — 66| (— 56) | — 43 
270.. T Cap 211615 | 4] —41 | M(3)e | 269 9.6 | + 35 | (+ 42) | + 50 
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VELOCITY 
= Mac. (kM/SEC) 
No. STAR DEsIc. l b SPEC. ee AT ee Ste 
bea Max. | 

Em. Abs. | Resid. 
271 S Mic 212030 | 344 | —47 M3e 212 9-2 | + 39] (4+ 40) | + 54 
272... W Cyg 213244 SOj— § M4e 131 54: | ae. seca — 13 
273.. RR Peg 214024 | 46 | —22 Mse 204 9-1 | — 37 | (— 30) | — 17 
274 V Peg | 215605 | 34 | —38 Mse 303 3.61 ~— 35 (= 42 = 39 
275 RT Peg 215934 56 | —17 M4e 215 9.7 | —126 | (—116) | —103 
276 T Peg 220412 41.) —35 Moe 374 8.6 | — 24] (— 10) ° 
277 Y Peg 220613 43 | —34 M3e 207 10.0 | — 95 | (— 85) | — 75 
278 RS Peg 220714 | 44 | —34 Moe 413 9:01 —~ 42) (= i =e 
279 X Aqr 221321 3 | —56 M4e 311 8.3} — 1] (+ 10) | + 14 
280 RT Aqr | 221722 | =—S7 Moe 242 8.7 | — 43 | (— 34) | — 31 
281 T Gru 221938 | 332 | —S50 Moe 137 | 86|— 4] (+ 1)/+ 1 
282 S Gru 221948 | 312 | —56 Mse | 401! 7.6} — 21 | (— 7) | — 10 
283 RV Peg 222129 | 58 | —23 Moe | 387 9-5 | — 46} (— 32) | — 21 
284. S Lac 222430 64 | —15 Mse 241 8.2 | — 66 — 60 — 48 
285 SS Peg 222924 | 56 | —29 M7e 401 8.2} — 31 | (—17)|/—- 7 
286 R Lac 223841 67 | —15 Mse 300 8.3} + 8] (+ 18) | + 29 
287 SAqr | 225120 10 | —64 M4e 279 8.2 | — 66] (— 58) | — 57 
288 TV And 225342 70 | —16 M4e 114 8.8 | — 60] (— 58) | — 48 
289 RW Peg 225014 57 | —4I1 M3e 209 9.6 | — 86} (— 76) | — 69 
290 R Peg 230110 55 | —45 M7e 378 | 7.9} + 6] (+ 20) | + 26 
291 V Cas | 230750 78; -1 Moe 220 7.8 | — 48 — 30 — 20 
292 W Peg 231425 | 67 | —33 M7e 343 8.1 | — 35 | (— 21) |— 14 
293 S Peg 231508 | 58 | —48 Moe 319 8.0} — 7] (+ 5) 10 
204 R Aqr 233815 37 | —71 |M7e+Pec| 387 6.4 | — 30 — 17 — 18 
295 2 Cas 233956 82} — § M7e 495 9.4 | — 46] (— 32) | — 23 
296 Z Aqr 234716 41 | —73 M2e 138 7.3 | + 63 | (4+ 68) | + 66 
207 RR Cas 235053 83) — 8 Mse 300 10.4 | — 56] (— 46) | — 38 
298 R Phe 235150 | 289 | —66 M3e 267 Si > St Ge ar a 
299 V Cet | 235209 | 57 | —68 M3e 260 9.1 | + 43 | (4+ 51) | + 50 
300 R Cas 235350 | 83] —I0 M7e 430 ?.¥ | - 10 + 26 + 34 
301 S Phe 235357 | 282 | —60 Mse 157 741+ § + 10 + 2 
302 Z Peg 235525 | 77 | —36 M7e 324 8.4| — 4| (= 33) | — 2 
303 W Cet 235715 50 | —74 Mpe 352 7.4|/— 2] (+13) |] + 11 
304 ¥ Cas 235855 84 | — 6 M7e 415 9:7 | — ©] (=~ sae i m= @ 
305 SV And 235039 82 | —22 M7e 316 8.6 | — 99 | (— 87) | — 8: 
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Spectral type and period.—The distribution in spectral type and in period of the vari- 
ables listed in Table 3 is shown by Table 4. Types M3e—M7e are well represented, the 
greatest number of variables, 63, being in type Mse. Most of the periods fall between 
200 and 400 days, with the maximum frequency in the interval 300~349 days. 

Galactic concentration.—The M-type variables in Table 3, except those with very 
long periods, have surprisingly little concentration toward the galactic plane. The Se 


TABLE 4 


DISTRIBUTION OF SPECTRAL TYPES AND PERIODS OF 
VARIABLES WITH OBSERVED VELOGITIES 


Type No. Period No 


Ks5e I <100 days I 
Moe : 2 100-149 15 
Mie I 150-199 27 
M2e ; II 200-240 48 
M3e 43 250-209 61 
M4e 56 300-3409 75 
Mse ‘ 63 350-309 43 
Moe 50 400-449 24 
M7e 45 450-499 6 
M8e 8) > 499 5 
Se 24 

All 305 All 305 

TABLE 5 


AVERAGE GALACTIC LATITUDES OF STARS IN TABLE 3 


sia d Average Average 
Type No - S* Period No ; 
Latitude Latitude 
Ks5e—-Ma4e 114 a <3 300 days 152 2253 
Mse—M8e 107 28.1 300-400 118 28 1 
Se 24 20.0 > 400 35 20.9 


variables, on the other hand, exhibit a definite but not extreme concentration. The aver- 
age latitudes of various groups‘ are in Table 5. The galactic distribution of the ob- 
served stars is shown in Figures 1 and 2. 


DISCUSSION OF MOTIONS 


The earlier paper’ brought out several interesting facts concerning the motions of 
long-period variables. The average residual radial velocity proved to be remarkably 
high—about 36 km/sec. Especially surprising was the fact that very high velocities are 
not evenly distributed with respect to spectral type and period but are largely confined 
to stars of types M2e—Mse and to those having periods in the neighborhood of 200 days. 
A well-marked group motion, corresponding to the ‘‘velocity asymmetry’’ exhibited by 
other high-speed stars, was disclosed. 

4 Because of obscuration the number of the more distant variables observed in low latitudes is unduly 
small. Toward the center of the galaxy the effect becomes noticeable at a distance of about 800 parsecs. 
Thus the average latitudes in Table 5 are slightly larger than those corresponding to the actual space 
distributions of the variables, but the appropriate corrections would not be large. 
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The greatly increased number of stars with measured velocities (305 against 133 in the 
earlier discussion) now provides a broader basis for statistical studies. We can thus be 
more confident that the results properly represent the general behavior of Me and Se 
variables. 

The velocity measured directly from the spectrograms is, of course, the relative veloc- 
ity of star and observer. That part of the velocity supplied by the rotation and the 
orbital motion of the earth is at once removed by applying the “reduction to sun,” 
leaving as a result the relative velocity of starand sun. This datum (next-to-last column 
of Table 3) is that usually published; but, since this velocity has as origin a single body 
of negligible cosmic importance, it seems logical to make a second correction, namely, 
that necessary to transfer the velocities from the sun to the centroid (practically the cen- 
ter of gravity) of a group of hundreds of stars relatively near the sun. This has been 
done, and the corrected motions, called ‘‘residual velocities” (last column of Table 3), 
are used in all the computations which follow. 

The galactic distribution of the stars and certain general features of the radial veloci- 
ties may be seen from Figures 1 and 2. The asymmetry of the velocity distribution is 
shown clearly by Figure 1, in which are plotted the variables with periods equal to or 
less than 280 days. Notice the preponderance of motions of approach between longitudes 
o and go°, that of motions of recession near 220°. In Figure 2, which includes variables 
with periods greater than 280 days, the velocities are smaller and the asymmetry less 


marked. 
An interesting group of variables lies near longitude 315°, latitude +25° (a = 15" 
30"; 6 = —21 ); of 6 with high velocities (5 in Fig. 1, 1 in Fig. 2), 5 are receding, 1 


approaching.® 

Stars close together in the sky may have widely different velocities. A striking pair 
is formed by R and S Scorpii, 161122, only about 3/ apart, with velocities of o and 
+85 km/sec, respectively. On the other hand, certain pairs not so close have nearly the 
same velocity. Examples are R and S Columbae, 054629 and 054331; S and U Lyncis, 
063558 and 063159; Sand T Delphini, 203816 and 204016. 

Residual velocities. —The residual radial velocities are decidedly high, the arithmetic 
mean for the 305 stars being 36.1 km ‘sec,’ the algebraic mean, —o.g km/sec. A plot 
of the residual velocities against spectral type (Fig. 3) shows that the extremely high 
velocities tend to occur in the earlier types rather than in the later ones and that the 
relative number of small velocities increases steadily with type. Detailed data are in 
Table 6. 

The remarkable fact, previously detected,' that high velocity is associated with short 
period is confirmed by the new data. A good idea of the relationship may be gained 
from Figure 4. All residual velocities greater than too km/sec correspond to stars with 
periods less than 275 days. Mean velocity decreases with increasing period except for a 
small group of stars with periods less than 150 days. The correlation appears somewhat 
better marked than that with spectral type. An interesting example is furnished by 
the one outstandingly high velocity in class Se (see Fig. 3). This velocity belongs to 
RW Librae, 151723, a variable with a period of 203 days—exceptionally short for class 
Se—and thus, when plotted against period, falls in with a group of high-velocity Me 
stars (Fig. 4). Detailed data concerning velocity and period are in Table 7. 


5 By a curious coincidence two near-by nonvariable stars— HD 134439 and HD 134440—have velocities 
of about + 300 km/sec, nearly equal to that of S Librae, 151520; while another, HD 140283, has a velocity 
of —170 km/sec, about equal to that of RZ Scorpii, 155823. These HD objects are dwarf stars relatively 
near the sun, two of them with large tangential motions; hence the close agreements with the variables 
in radial velocity are probably fortuitous. 


°The corresponding value from 133 stars was 35.5 km/sec (Mt. W. Contr., No. 264; Ap. J., 58, 
215, 1923). 
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TABLE 6 
RESIDUAL VELOCITY AND SPECTRAL TYPE 
NUMBERS OF STARS WITH VELOCITIES WITHIN 
sii THE Limits INDICATED 
Typ! No VELo¢ 
ITY 
O-20 20-40 40-00 60-S0 100 7 1 
km/sec | km/sec | km/sec | km/sec km/sec km 
km /sec 
Ks5e—M2e 15 04 3 2 I 4 I 4 
M ze. 43 49 I2 9 9 3 4 0 
Mae. 56 43 14 13 160 7 3 3 
Mse 63 31 23 25 8 4 2 I 
Meée.. 50 25 22 17 9 I I 
M7e—-M8e 54 25 25 18 8 I I I 
Se 2 26 13 6 3 I I 
All 305 36 112 go 54 21 12 16 
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Group motion.—Residual velocities obtained by correcting the measured radial veloci- 
ties for the solar motion of 20 km/sec toward a = 270°, 6 = +30°, have been used in 
the following computations concerning group motion. Hence it must be borne in mind 
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Fic. 4. Residual radial velocity and period of light-variation. Stars marked by circles are of spectral 


class Se; all others are of class Me. 


TABLE 7 


RESIDUAL VELOCITY AND PERIOD 


NUMBERS OF STARS WITH VELOCITIES WITHIN 
THE Limits INDICATED 


Ba No MEAN MEAN “ss 
Period | VELOCITY 
2 20-40 40-60 60-80 80-100 >100 
km/sec¢ km/sec km/sec km/sec km/sec km/sec 
days days | km/sec 
<150 10 132 41 5 4 I I I I 
150-199 27 1760 50 5 5 4 2 2 (8) 
200-249 48 225 45 10 15 10 5 4 4 
250-299 61 271 358 | 17 19 14 0) 3 2 
300-340 75 323 2Q 30 24 13 6 oS S.46eeees 
350-300 43 374 23 19 15 5 I 
> 399 35 445 17 23 8 & Jeior ceases eee ba 
All 305 204 36 112 go 54 21 12 16 


| that all the values derived for the velocity and for the position of the apex refer not to 
the sun itself but to the centroid of the solar group of stars. Use of this system of co- 
ordinates simplifies the interpretation of galactic motions. 
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Rectangular components of the group motion of the variables were computed by the 
method of least squares, the observational equations having the form 


xcosacosé+ ysinacosé6+zsin6d+ A =v. (1) 
The results for various groupings of stars are in Table 8, which gives, instead of the 


rectangular components, the speed, V., of the centroid, and the apex in equatorial co- 
ordinates, 1,, Do, as well as in galactic co-ordinates, Ly, Bo. 


TABLE 8 


SOLUTIONS FOR GROUP MOTION 


AVERAGE RESIDUAI 
VELOCITY 


GRoUP No K | 1 D I B, 


km SCC km sec km. sec km, sec 


— 0.0 3005 2rt.3 +o] .¢ Ho te ff 
I All 205 2(0).2 ' } ie 
34.9 ° 30.8 | 315.8 | 4 3150) +2 
II Residual vel. < 25 
+ 1g ‘ - 7 | + > 
km/sec. . 142 11.8 t 4 ‘ } ve 
11.0 O 4.0 70.8 tT 29 23) +21 
III Residual vel. > 25 
+- | O07 0 ) +— = ( 
km/sec. . 103 Bo / 5 3 I + é 
40.7 C 90.8 210 rT 54 16) O32 +T 3 
» ‘ +- () ( ae d-21 4 66 se 
IV Period > 300 days 150 4.4 py Ae \ 3 
i $1 11 3 142.5 | O§ -12 
y ° = + i \ | XQ + I . - 
V Period < 300 days 155 759 is ro 
2 ' ) eto oO ¢ Heri 4 ( + 9 
. a + Ss ~ » +- 14() 2 +-18 
VI Modulus $9.2 mag 151 | 34 : 
33.0 4 Si T40.4 } 7109 
; “ t ¢ 38 39.3 740.1 “TI 
VII Modulus >9.2 mag 154 s + 4 ? } ’ 
30.1 ~ 9 | 345-3 r40.1 | 7 15 


In group I all 305 stars were included. For additional solutions the stars were divided 
into two approximately equal groups according to (a) residual velocity, I] and IIT; (8) 
period of light-variation, IV and V; and (c) distance from the sun, VI and VII. For each 
group two solutions were carried out, one using equation (1) and another in which A 
was assumed to be zero. 

The positive values of A may indicate that the velocity of recession near the antapex 
is larger than that of approach near the apex; or it may be caused in part by a preponder- 
ance of stars with positive velocities in the zone midway between the apex and the 
antapex. For example, the group of stars, including S Librae, lying near a = 15" 30", 
6 = —21°, whose mean velocity is positive, must contribute toa positive A. A systematic 
error of measurement may, of course, be involved, but the very small value of K yielded 
by the stars with residual velocities less than 25 km/sec mi ikes it probable that this error 
is not large. The largest value of A is found in group III, which includes the stars with 
the highest residual velocities. It isa curious circumstance that in every group the omis- 
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sion of A leads to a smaller value of V.. This indicates in another way the rather fortui- 
tous nature of the positive A term. For general studies of the galactic motions of stars 
which are not uniformly distributed over the whole sky, solutions with K put equal to 
zero may be preferred. 

Results for groups I, III, and V are somewhat alike. Groups III and V include stars 
with high velocities, III by direct selection, V through the correlation of high velocity 
with short period. In group I (305 stars), because of the method of least squares, the 
large residual velocities tend to contro] the solution and make the results resemble those 
of III and V. The interesting features of these solutions are the large values of V, and 
the fact that the apex lies near to that point in the sky, / = 56°, 6 = o°, toward which 
the solar group of stars is moving in its circular galactic orbit.7 

The solution for group II, based on 





small residual velocities, stands by it- °° : - 
self. Not only is the A term practically KM 

oi T “, SEC | 
zero, but V, is only 4 km/sec. The close | ” 


agreement of the apex with the ordinary 50 pocahontas 
apex of solar motion is surprising. The 
interpretation is that with respect to the | | 
centroid the low-speed variables have a 49 a ee 
group motion of 4 km/sec in a direction | 
almost exactly opposite to that of the 
motion of the sun. Evidently the veloci- 
ty asymmetry does not extend to these 
slowly moving stars; as a general hy- 
pothesis suggests (see p. 214), it is doubt- 
less more directly correlated with high 
space motion than with variability or 
spectral type. Group IV yields a rather 
small value of V,, but the apex falls in a 
different position. 

A remarkable kinematic property of @ AVERAGE RESIDUAL VELOCITY 
the variables is presented by the increase ° 
in V, from 4.0 km/sec for the low-speed 
stars (group II) to 59.8 km/sec for the Fic. 5.—Group motion, Vo, plotted against aver- 
high-speed stars (group III). The values age residual radial velocity. 
show how rapidly the velocity asymmetry 
becomes effective as the random speed increases. A similar increase, although less 
marked, is found in the values of V, for groups IV and V. On the other hand, there is 
practically no difference in the values of V, for groups VI and VII, in which the basis of 
selection is distance. This fact emphasizes the dependence of V, upon residual velocity. 

The relationship between group motion and random velocity is shown in Figure 5, 
in which the average residual velocities from the various solutions (Table 8) are plotted 
against the values of V’, projected on the line toward the apex of galactic rotation, 
| = 56°, 6 = o&°. The points fall near a curve similar to the parabola previously found 
by Gustaf Strémberg* from a more general study of stellar motions. 

It is well known that stars with rapid space motions do not in general move wholly 
at random but are subject to a certain ‘‘velocity asymmetry,” that is to say, to a general 
group motion in a certain direction. This direction is approximately opposite that in 
which stars in the neighborhood of the sun are moving in their huge orbits about the 


30 


GROUP MOTION, Vo 
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It should be borne in mind that the values of V, in Table 8 refer not to the sun but to the centroid. 


° Mt. W. Contr., No. 293; Ap. J., 61, 363, 1925. 
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center of the galaxy. The apparent group motion may thus be largely the reflection of 
the galactic rotation upon a group of stars which for some reason have abnormally low 
speeds of rotation. In other words, the so-called “‘high-speed”’ stars are those for which 
the circular component of the galactic orbits is less than the average for stars in the 
same vicinity. The radial component, i.e., the motion toward or away from the galactic 
center, may at the same time exceed the average.’ 

Long-period variables are among the stars exhibiting the velocity asymmetry. Indeed, 
they constitute an especially interesting example because of the fact that well-marked 
kinematic properties are found in a group selected on the basis of physical characteris- 
tics. The results of solutions III and V appear to furnish a striking confirmation of the 
general interpretation of the behavior of high-speed stars. 

Since the more distant variables, group VII, do not appear to have much faster mo- 
tions than the nearer ones, group VI, it is surprising to find a considerable difference in 
the positions of the calculated apices. To what extent this result represents an actual 
spatial relationship is hard to say. The lack of faint variables in the southern sky may 
have some effect. It is noteworthy, however, that the apex for the fainter, more dis- 
tant variables, group VII, lies to the east of the apex for the nearer ones, group 
VI—a result similar to that found previously for other stars." Several problems aris- 
ing from the computations summarized in Table 8 should be considered in relation to 
the larger problems of stellar motions in general. 

High stellar velocities exhibit certain kinematic relationships which seem more or less 
independent of the physical characteristics of the stars involved. This fact has a reason- 
able interpretation in the hypothesis of galactic rotation already mentioned. 

Much harder to understand is the well-marked correlation between high velocity and 
the physical properties of the stars. The solution of this mystery would take us far 
deeper into the fundamental facts of stellar evolution than we have yet been able to 
penetrate. Some general suggestions of interest in this connection have been made by 
Strémberg.? The attack upon the evolutionary problem from the standpoint of galactic 
behavior and that based on the generation of energy in stellar interiors should eventually 
converge. 

A further discussion of the motions of long-period variables to include the available 
data on proper motions is planned by Dr. R. E. Wilson and the writer. 


Special acknowledgment is due Miss Cora G. Burwell for her important share in the 
extensive measurements and computations involved in this investigation. 
CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
April IQg4l 


9 A brief summary of the development of these ideas is given by Stromberg, Mt. W. Contr., No. 492; 
Ap. J., 79, 460, 1934. 
10 F, K. Edmonson, A.J., 42, 157, 1933; Ralph FE. Wilson and Harry Raymond, A.J., 47, 40, 1938. 























SELECTIVE ABSORPTION IN SPACE NEAR THE SUN* 
JOEL STEBBINS," C. M. HUFFER, AND A, E. WHITFORD 


ABSTRACT 


The colors of A-type stars down to the limit of the Henry Draper Catalogue within 10° of the north 
pole of rotation and 30° of the north and south galactic poles have been measured with a photoelectric 
cell at Madison or at Mount Wilson. The color scale is that of the previously measured B-type stars. 

The spectra of the stars at the north pole have been reclassified by Keenan and Babcock at Yerkes, 
and those at the galactic poles at Mount Wilson. It is found that the Draper spectra are classified system- 
atically too early in the faint magnitudes. 

Toward the north pole of rotation the selective absorption on the photoelectric scale is found to be 
c= +0.21 + 0.02 mag/kpc, and toward the galactic poles c = +-0.11 + 0.05 mag/kpc. These and the 
previous results from B stars indicate that the sun is in a fairly uniform layer not more than 500 parsecs 
in thickness, giving a total photographic absorption of about 1 mag/kpc. 


As an extension of our study of space reddening based upon the photoelectric colors 
of B-type stars,? we measured some scores of A-type stars near the north pole of rotation, 
down to the limit of the Henry Draper Catalogue, and confirmed the obscuration about 
the pole which had been studied by Seares} and by others. Ina conversation at the meet- 
ing of the International Astronomical Union in Stockholm in 1938, Dr. P. J. van Rhijn 
pointed out that the same test of selective absorption might well be carried out at the 
poles of the Galaxy. We had been interested in detecting space reddening of stars in 
regions where such effects were likely to be large enough to be above question, and at 
first sight it did not look promising to search for colored stars in the regions where it is 
generally agreed that absorption is at a minimum. 

The amount of the expected selective absorption toward the poles of the Galaxy may 
be estimated from Hubble’s‘ counts of the extragalactic nebulae. Assuming the absorp- 
tion to vary as the cosecant of the latitude, he has found the total photographic ab- 
sorption at latitude go to be 0.25 mag. If the ratio of the total absorption to the selec- 
tive absorption is as high as 8 or 9, then the most we can expect is 0.03 mag. of space 
reddening even if we observe stars out to the limit of the assumed absorbing stratum 
near the plane of the Galaxy. A measurable effect toward both galactic poles would in- 
dicate that the sun is immersed in a layer of absorbing material; a zero effect would 
mean either that the sun is in a clear region of space or that the absorption in our vicinity 
is nonselective. We could scarcely hope to detect the space reddening in steps of, say, 
0.01 mag. outward along the normal to the galactic plane. The photoelectric cell is per- 
fectly capable of detecting differences of that amount in the mean colors of homogeneous 
groups of, say, a dozen stars each, but the trouble is to find such stars of uniform spectral 
class. 

The first difficulty is the lack of early B stars at the poles of the Galaxy. The general 
system of the B stars is at least as flattened in space as the main galaxy—a fact which, 
combined with the relative scarcity of the B stars in general, gives us almost none of 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 650. 
' Research Associate of the Mount Wilson Observatory, Carnegie Institution of Washington. 

2 Mt. W. Contr., No. 621; Ap. J., 91, 20, 1940. 

3Mt. W. Comm., No. 119; Proc. Nat. Acad. Sci., 22, 327, 1936. 

‘ The Realm of the Nebulae, p. 65, New Haven, 19306. 
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them in high latitudes. In an inclusive list of B stars from the Henry Draper Catalogue 
within 30° of each galactic pole, kindly sent to us by van Rhijn, the count is as follows: 


Spectrum North South 
B3 2 2 
Bs5 3 
B8 10 
Bo 11 18 

otal 14 33 


We must therefore take stars of later spectra on an observing program for colors in these 
regions. 

It was easy to find roo stars near the galactic poles classified as Ao in the Henry Draper 
Catalogue, and we undertook the observation of these for color at Madison and, as op- 
portunity offered, with the 60-inch at Mount Wilson. The area within 30° of the north 
galactic pole was well covered, but with the observing limit of — 20° declination the 
southern area was all on one side of that pole. It was not advisable to go to low altitudes 
and introduce complications with the atmospheric extinction. 

A preliminary discussion of our observed colors of the A stars, down to the limit of the 
Henry Draper Catalogue, showed that the faint stars of the eighth and ninth magnitude 
were redder than the bright ones, just as predicted; but the amount of the apparent 
space reddening was three or four times as much as we expected. Instead of 0.03 mag. 
we found 0.10 mag., or more, of increased color for the faint stars. Therefore, either the 
ratio of total to selective space absorption is much less than we had thought or the H.D. 
spectra are systematically different for bright and faint stars. We expected ultimately to 
obtain revised spectra for all the stars, but we had to use the material available. 

In the meantime Keenan and Babcock’ at Yerkes had undertaken to reclassify the 
spectra of the A stars near the north pole of rotation, which we had used for the selective 
absorption in that region, and their spectra were close to the H.D. spectra for different 
magnitudes. It was evident that we should have to obtain spectra of the stars near the 
galactic poles. A few Mount Wilson spectra were available for the brighter stars, and 
during the summer of 1939 Mr. Joy and others of the Mount Wilson staff kindly took for 
us about 15 spectrograms of A stars on our program. In the summer of 1940 a number of 
nights were assigned to us with the 60-inch during the spectroscopic runs, and we secured 
spectrograms of about 80 stars, which were classified on the Mount Wilson system by 
Mr. Joy, checked in part by Mr. Adams. 

The Yerkes spectra were taken with a dispersion of 120 A, mm at //y, and their classi- 
fication depends largely upon the intensities of the hydrogen lines, as in the Draper sys- 
tem. The Mount Wilson spectra have a dispersion of about 35 A/mm and are classified 
according to the presence and intensity of the metallic lines. Since both the Yerkes and 
Mount Wilson series were taken with slit spectrographs, there is no reason for any differ- 
ence in the classification between bright and faint stars. At each station all stars, both 
bright and faint, were photographed with the same dispersion. 

Comparisons of the spectral classifications are in Table 1. The first column gives the 
range of magnitude for each group; the Bo stars are too few to subdivide according to 
magnitude. The second column gives the H.D. spectrum, stars other than Bo or Ao in 
the H.D. not being counted. The third column gives the corresponding average Yerkes 
spectrum with its probable error. In forming these means and residuals, the digits were 
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treated as cardinal numbers, although one wonders sometimes how far it is advisable to 
convert the historical alphabetical Draper sequence into a decimal system. The fourth 
column contains the number of stars of each group. Similarly, the fifth and sixth columns 
give the average spectrum on the Mount Wilson system, the probable error, and the 
number of stars for each group at the galactic poles. 

The Yerkes stars show a tendency to be classified later than the H.D. for the fainter 
magnitudes, but this effect is much more strongly marked in the Mount Wilson spectra, 
where the difference between bright and faint stars explains at once the spurious increase 
of color with fainter magnitude found on the assumption that the original Ao stars were 
all the same. The differences between Yerkes and Mount Wilson in the table refer, in 
general, to different stars and cannot be compared directly. There are, however, about 
20 of the Yerkes stars for which Mount Wilson spectra are available, and for these the 
Mount Wilson classification is about one subclass earlier; that is, a Yerkes A2 will aver- 
age Ar at Mount Wilson. We thus seem forced to the conclusion that, valuable as the 
Draper spectra are, the classification is not uniform for different magnitudes or for dif- 


TABLE 1 


CLASSIFICATION OF SPECTRA 


YERKES Mr. WILSON 
MAG HD 

North Pole No Galactic Poles No. 

7-8. 78 Bo B8.8+0.2 13 Bo .6+0.3 8 

1 68-4.99 Ao AG.2+ .3 8 Ao.6+ .2 13 
5 00-5 .99 Ao Atos, 25 8 ALOE .3 11 
6.00-6.99 Ao Ao.5 3 1S Az.8+ .3 20 
7.00~7.99 \o Ar.of .2 17 Ag.3+ -4 21 
$ 00-9. 5 Ao A1.sto0.2 30 A4.0+0.4 2 
Total QI 106 


ferent areas of the sky. Nevertheless, it was only from the Henry Draper Catalogue that a 
selection of stars for the present study could be made in the first place. 

The photoelectric colors of the stars near the north pole of rotation and the poles of 
the galaxy are in Tables 2, 3, and 4. In Table 2 the first three columns give the number 
and position from the Henry Draper Catalogue. The magnitude m in the fourth column 
is visual. If given to two decimals, it is the Harvard photometric magnitude; if to one 
decimal, it is a visual magnitude derived from the photoelectric measures with other 
Harvard stars as standards. The fifth and sixth columns contain the H.D. and Yerkes 
spectra, respectively. The seventh column gives the color C, on the same scale as our 
colors of the B stars. The zero point for these polar stars is referred to the two stars 
NPS 1 and NPS 4, HD 166205 and HD 166926, respectively. On each night the zero 
was taken as the mean of the colors of the two stars, giving double weight to NPS 1. 

In the eighth column is the final residual v for each star, to be discussed later. If the 
residual is not given, the star was omitted from the discussion, for the reason noted in 
the remarks. Stars were omitted because of peculiar spectra or if there were too few 
others of the same spectral class for a solution. Three stars near the galactic poles were 
omitted as being too far from the galactic plane. Two stars out of 160, with residuals 
of + 0.10 mag. each, were rejected as discordant. The effect of their inclusion would be 
negligible. 
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TABLE 2 


A-TYPE STARS WITHIN 10° OF THE NORTH POLE OF ROTATION 


SPECTRUM 
R.A DECL 


HD : m Ci v r No. Oss Rem.* 
I1g00 1900 
HD Yerkes 

56 ob o 4 | +80°31'| 9.0 Ao | A2— +o0.04 0.00 | 290 1} W 
2534 © 24.0 80 49 | 8.10 | Ao} A2 00 | — .02 | 200 1 | W 
7505 i 10.1 80 22 | 6.73 | Ao| Ao+n} — .07 |] — .02 | 130 1| W 
7939 I 13.9 34. £3 | 0.2 Ao) Bg.5s 00 | + .02 | 490 1 | W 
9653 1 29.0 80 55 | 7.10 | Ao} B8 — .08 00 | 240 21M 
10648 1 38.8 80 23 | 7.23 | Ao} Bo.5n| — .07 | — .o1r | 180 31M 
12407 ey 80 49 | 5.99 | Ao! A2 + .o1 | + .02 80 2/W 
13714 2 8.6 80 16 | 7.47 | Ao} Ao — .o6 — ,O02 | 210 21M 
13828 2 0.4 82 13 | 8.1 Ao} Ajzn + .0o4 |} + .O1 150 1 | W 
14500 ae eee | 80 10 | 8.25 | Ao! Aan + .o2 | + .o1 | 180 1| W 
15374 2 23:4 8c 22 | 9.8 Ao, Ao+ — .02 | + .o1 | 240 1 | W 
17243 2 41.0 85 28 | 8.7 Ao! Als — .03 | — .04 | 330 1| W 
22677 Cee key 83 14 | 7.52 | Bo| B8.5n| — .08 00 | 25 31M 
24716 3 50.7 80 42 | 7.8 Ao! Ar + .o1 + .02/ 210 1| W 
26012 4 240 81 43 | 7.33 | Ao| Arn - .03 oo | 140 2|M 
26209 eS 81 23 | 7.50 | Ao} A2s + .0o4 |} + .03 | 180 21M 
30881 4 40.3 86 10 | 7.96 | Bg! Bog — .04 | + .02 | 290 2|M 
30932 4 460.7 80 38 | 9.0 Ao; Bg.5s| — .05 | — .03 | 460 1| W 
33972 6 1856 81 16 | 9.2 Ao} As + og | + .02 | 220 1 | W 
34109 eo a 85 35 | 6.55 | Ao| Aon - 07 02 | 120 1|M 
40158 ceen 80 2 | 9.02]! Ao| Bo.5n/} — .03 | + .o1 | 360 1 | W 
55075 * On8 81 26 | 6.20 | Bg! Bo — .07 | + .02 | 140 2|M 
56049 7 50.4 560 33 | $3.7 Ao | Ao — .03 —- .02 | 330 1 | W 
60062 y fa ay ay 81 55 7.60 | Bg} B8n —- .06 | + .o1 | 260 2|M 
63834 7 45.8 84 7.38 | Ao} At — o4 - .02 | 180 2.| 
652099 78250 84 21 | 6.39 | Ao| Aas — 04 04 | 120 2|M 
66368 fee 88 56 | 7.01 | Ao} A3 + .04 | + .02] 110 2|M 
67934 3: S2 $2 44| 6.17 | Ao| Bo.5n} — .0o4 | 4+ .02 | 320 2|M 
72520 8 28.3 82 36 | 6.69 | Ao} Bos — .12] — .04 | 210 21M 
74770 8 40.9 80 2 7 AT | RO} BO.S — .07 —- .02 | 220 2. | ie 
82371 Q 26.4 82 49 | 7.49 | Ao} A3 — .04 | — .07 | 140 2|M 
87787 [O-253 85 56 | 9.2 Ao Ats + .o1 —- .OI | 390 1; W 
92192 10 33.6 80 57 | 6.70 | Ao} At —- .O4 -' Or | 130 3 | M 
QQI50 [x 10.5 Sr 6} 0.4 Ao Aon: + 03 - Ol 290 1 | W 

990945 11 24.8 81 41 | 6.13 | Ao} A3sp + 11 go 4 | M | sp 
108149 [2' 20.4 85 52 | 8.9 \o Als + .04}; + 2 | 360 1 | W 
E1112 12 41.9 81 10 | 6.26 | Ao 5 + 04 00 70 21M 

118478 03 33.3 82 30 | 9.I B8 | Bs: — .23 760 1 | W | sp 
121952 13 53.6 87 48 | 8.92 | Ao} A7 + .07 | — .o1 | 180 1|W 
126047 14 18.1 87 52 | 8.78 | Bgo| Bo 00 | + .04 | 390 1 | W 
132610 14 55.0 81 9 | 7.20 | Ao! Atn — .03 00 | 140 3|M 
139305 Ps) 4203 80 6 | 8.40 | Ao! Bo — .05 00 | 340 1|W 
144800 6 2.6 81 7 | 8.35 | Ao| A2 00 | — .02 | 210 1 | W 
149444. 16 29.8 80 57 | 8.8 Ao| A2 + 02; — .o1 | 260 1 | W 
150265. 16 34.8 | +86 26 | 8.8 Ao A2 +o 06 +0.03 | 260 1| W 


*sp, spectrum pec uliar 
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TABLE 2—Continued 


SPECTRUM 


HD ea m Cr v r No.| Ops.) Rem.* 
Igo0o Igo0o0 
HD Yerkes 
156401 r7>12™3 | +84°54'| 7.73 | Ao| Ag +0.06 | +0.02 | 130; 4|M 
150386 17 20.4 82 49 | 8.1 Ao Aon + .07 |\(+ .10)} 240' 1|W/R 
166205 18 4.5 86 37 | 4.44 | Ao} Az — 0g | — .62 | 4@]...<t We ieee 
166818 18 7.3 84 40 | 8.2 Ao! Ais — .03 | — .03 | 270 1| W 
166920 rs 7:3 87 0 | 5.86 | A3} A3p OF bees cas 70. |....| W | NRoe sp 
169470 18 19.7 82 22 | 9.0 Ao} Asn + .0o9 | + .02 | I90 1| W 
170151 18 22.9 82 54 | 7.290 | Bg! B8n — 10 | — 62:1 246 4|M 
178738 fo. 4.7 82 14 | 6.83 | Ao} Ain — .05 | — .02 | 120 2|M 
180499 EQ. 11.9 82 31 | 7.99 | Bg; B8 — .03 | + .03 | 340 1| W 
182381 19 24.2 81 45 | 8.03 | Bg| A2 — .o1 | — .03 |} I90 1| W 
189205 19 53.8 84 31 | 8.0 Ao Ain + .03 | + .05 | I90 1| W 
191502 246- S25 84 26 | 8.9 Ao} A2 + .07 | + .04 | 270 1| W 
104375 20 20.2 80 13 | 6.79 | Ao| B8 — .09| — .or | 210] 4] M 
195212 20 24.9 82 44 | 8.9 Ao| Ao — .05 | — .05 | 360} 1| W 
199005 20 49.8 82 10 | 5.69 | Ao! Ao — .04 | + .02 go 2|M 
203308 21 16.8 80 23 | 7.20 | Ao| Ar — .0o2 | + .02 | 160 2|M 
205037 41 32.6 81 45 | 9.0 Ao Ats + .02 00 | 370 1| W 
210079 2 6.0 82 10 | 7.68 | Ao} A2 + .03 | + .02 170 5|M 
212664 22 20.9 84 0! 7.49 | Ao} At — 04] — .02 |} 180 2|M 
212710 a3 94.3 85 36 | 5.38 | Ao! Bo — .07 | + .03 | I00 1| W 
213809 » 29.1 81 39 | 8.6 Ao | Ao: + .04 | + .05 | 320 1| W 
215743 Y.AB 3 86 46 | 8.07 | Ao} Ain — .03 | — .O1 | 200 1} W 
215971 2 43.9 82 45 | 7.46 | B8} Bo.5n| — .07 | — .or | 200 2|M 
218737 a4 ©.-2 80 6 | 7.71 Bg Bo — .06 00 | 260 3|M 
2190168 23 8.8 80 28 | 8.7 Ao} A2s + .03 | — .o1 | 290 1| W 
219748 23. 5332 83 42 | 7.76 | Bo! Bo: — .07 | — .o1 | 270 3 | M 
221408 ey 80 27 | 8.3 \o! Aos + .03 | + .04 | 330 1| W 
222821 23 38.8 80 45 | 7.87 | Ao| Ao — .02| + .o1 | 240 3|M 
223257 23 42.9 87 47 | 8.9 | Ao} A3: + .03 | — .02 | 240) 1] W 
224309 23 51.7 | +82 38 | 6.42 | Ao| At 0.00 0.00 | 120 21M 
*R, rejected for discordance 


The ninth column gives the distance r computed from the absolute magnitude in 
Table 5. The tenth and eleventh columns note the number of observations and the sta- 
tion, ‘‘M’’ for Madison, ‘‘W” for Mount Wilson. Measures were usually made on sev- 
eral nights at Madison, but on only one at Mount Wilson, owing to the limited time with 
the 60-inch. Since the mean error of a color with the large reflector is about + 0.01 mag., 
while the dispersion in the colors of stars of the same type is about +0.03 mag., there 
was little reason to take more than one observation of a star. The last column gives the 
remarks according to the notes at the end of the table. 

The arrangement of Tables 3 and 4 is the same as that of Table 2 except that the galac- 
tic co-ordinates / and b are given in the seventh and eighth columns. These are from the 
Lund tables with the galactic pole at a = 12"40™, 6 = +28°. All the observations near 
the galactic poles were taken at Mount Wilson. We had some measures of the brighter 
stars at Madison, but because of the superiority of the Mount Wilson sky we decided to 
keep the series homogeneous. As with the stars near the north pole of rotation, the tele- 
scope was turned each night to the two standard stars, NPS 1 and NPS 4, to check the 
zero point of the color scale. 
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TABLE 3 
A-TYPE STARS WITHIN 30° OF THE NORTH GALACTIC POLI 
SPECTRUM 
R.A. DECL. , 
HD m l b ( r Reu.* 
Igoo Igoo ‘ 
HD W 
93152 1oh40™3 | +31°13'| 5.37 | Bo Bg.5n | 166°| +64 11 ) 80 
04334 10 48.2 | +43 43 | 4.84 | Ao \1 138 | +63 | — .o9 | + .o1 6 
94601 10 50.2 | +25 17 | 4.51 | Ao Bg. 5n 180 | +65 O4 + : ( 
95418 10 55.8 | +56 55 | 2.44 | Ao A2.5s rts | +50 7 
95005 IO 57.0 | +20 43 | 4.42 | Ao A2.5S 192 | +60 t 5 
97333 (ey fee Qe oe ae A Ie Ao A4s 139 | +67 } 6 7 
IOOI50 11 26.4 | +18 19 | 6.99 | Ao A2.5s 06 | +70 + ) I ae 
100809 It 21.0 | +25 15 | Si4 \o A4s 215 | +70 + y i 
100972 Ir 32.2 | +45 17 | 6.58 | Bo Bon 123 | +68 6 if 
101391 II 35.0] +58 31 | 6.10 | Ao Ais 106 | +57 14 I 
102050 Ir 39.6 | +29 13 | 6.98 | Ao A2s E79 +77 - I 3 | 160 
102481 I1 42.6 | +50 23 | 7.00 | Ao A2n 112 +05 | 11 
103287 11 48.6 | +54 15 | 2.54 | Ao Aon 106 | +62 6 
103483 11 49.9 | +47 2 | 6.46 | Ao Ao. 5n 114 | +69 ee 
105778 [2 505° 07 22. | 6.34.| Wo At 231 | +77 ue 
106887 12 12.5 | +29 30 | 5.68 | Ao Aon 105 | +84 + 6 i 
108346 12 21.8 | +55 43 | 7.04 | Ao A4s 95 | +61 + 
109485 I2 290.9 | +23 II 4.78 | Ao Ao. 5s 244 +85 >( x 
10Q615 12 30.9 | +40 14 | 7.17 | Ao Bog. 5s 98 | +78 I ) 
109762 P2328 | +3335 | 8.5 Ao Aos 07 | +84 + .13 \ : 
110066 12 34.4 | +36 31 | 6.32 | Aop | Assp 97 +81 I S 
112152 12 49.3 | +28 12] 9.1 \o Ass 6 | +88 + 7 | ) 
112185 12 49.6 | +56 30 | 1.68 | Aop | A2s 87 +61 9 | 14 
112274 [2-5075 +56 39 | 8.3 fe) Aon 57 tO! 7 
112413 12 51.4 | +38 5 ge Aop | Als 78 +79 I | 
, 
112501 12 52.1 | +44 6] 6.95 ° \Ss 82 | +74 + 1 
112623 [2-S2.0 |. =S6-14 | 75 Ao A2n 87 +6 } 
113265 C269 6 1a os 28") Os] \o A2n 85 +6 
1133605 12 58.1 +23 10 | 6.87 \o \3n 311 +S 4 + i 
113797 3 Lr | $3620" | 5.13 30 Bon 63 | “FS! | . 
115735 13 14.0 | +50 12 ae \c Ao. 5s 760 | +67 [1 
118214 13 30.3 | +55 52 | 5.48 | Aop \rn 76 +61 . 
119496 13 38.5 | +30 II | 9.0 Ao \4s 13 +77 + 
119664 13 390.5 | +54 14.| 8.9 Ao \Is 72 1 g 
120049 13 42.0 | +28 26 | 8.2 Ao A7.5S 6 | +7¢ + 11 sp 
120198 13 42.9 | +54 56 | 5.53 | Aop \2s 70 | +61 10 ( s 
120874 13 47.1 | +59 2 | 6.36 fe \2s 74 | +57 I I 
121247 13 49.2 | +42 41 | 6.69 | Ao A4s 5st | +70 1 Cal, oy 
121409 13 50.1 | +54 13 | 5.65 | Ao Aon 69 | +61 9 3 
121626 r3 S35) | =-2000 || 7.22 | Ao Aon 9 74 
121996 L353.0 | +22 11 | $.42 | Ao Ats 345 +72 7 ) 
122007 13 54.0 | +54 25 | 6.84 | Ao A4s 68 | +60 | + .03 VI 
122866 13 590.3 | +51 27 | 6.05 | Ao A2s 63 | +62 »6 110 
j . » 
122945 1359.8 | +21 52 | 8.4 Ao Ar .5S 3460 | +71 + 3 R 
123048 14 0.3 | +34 55 | 7.87 | Ao ASs 27 | +7 +0 O4 100 
*,, distance too great sp, spectrum peculiar rejected for discord: 
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TABLE 3—Continued 


SPECTRUM 
R.A Dec! ' 
HD m l b Ci t r Rem.* 
19 1900 
HD W 
124508 145 o™3 | +51 11 7.68 | Ao \4s 60°| +61°, +0.02 | +0.01 | 160 
124586 14 9.4] +31 40 | 7.25 | Ao Ats 16| +70 | — .13 |] — .04]| 200 
125162 14 12.6 | +46 33 | 4.26 \o Ao.5n 52 | +64 | — .03 | + .03 40 
126138 14 18.6 | +53 50! 7.43 | Bo 38. 5n 62 | +58 | — .20 240 | n 
127043 14 24.1 +28 44 | 7.45 ° Ain 8 | +67 | — .07 | + .02 | 160 
127007 14 24.; +28 44 | 6.95 | Ao \os 8 | +67 | — .07 | — .03 | 210 
127263 14 25.3 | +47 35 | 7.89 | Ao \6s 51 | +62} + .06 | — .02 | 130 
127788 14 28.2 +23 39 | 8.5 Ao A3s 0 | +66 - .03 | — .04 | 260 
128078 14 29.8 +24 49 | 7.99 | Ao ASs 359 | +65 — .03 | — .05 | 160 
128184 14 30.4 £47 13 Oo. 57 \o \2n 49 +61 = O04 oo 100 
128107 14 30.5 +38 26 | 7.93 \o \6Os 32 +65 > + .07 — Oo] 130 
128547 14 32.4 | +24 54 | 7.56] Ao \2s 359 | +65 | — .08 | — .05 | 200 
1286001 t4 33.1 +36 22 | 6.97 \c \3s 20 | +65 | + .o1 | + .O1 130 
128908 i4 35.1 +54 27 | 5 \ \on 60 | +56 - .07 | — .OI 80 
129002 14 35.1 +44 50 | 5.39 | A Bo. 5n 44 | +62 05 | + .04 go 
1290025 14 35 + 36. | 8.5 \o \in 355 | +62 — .06 | + .02 | 260 
120032 14 38.5 +29 31 8.0 Bg A2.5s 11 +64 — .o1 | + .02 | 220 
131205 14 47.5 +20 43 6.88 \o \4s 353 | +60 |) + .03 ! + .02 | II0 
132029 I4 $1.09 1-32 43 | 6.11 \o Ajn i8 | +61 + o1 + .02 70 
132145 14 5 £21 57 | ¢ { \o \2s 356 | +50 - .06 | — .02 | II0 
133029 14 57-2 | +47 40 | 6.16} Aop \is 46 | +57 | —0O.13 | —0.04 | 120 
*n bert na lut 


The absolute magnitudes in Table 5 are from the work of Adams and Joy.® As has 
been pointed out by others, there is probably a greater difference between n and s stars 
than is here indicated. There were no supergiant c stars in our list, and it is probable 
that the effect of exceptional stars was averaged out in the mean. 

Our first discussion of the stars around the north pole of rotation included a compari- 
son of their colors with those of bright stars in unobscured regions. Near the galactic 
poles, however, the effect of increasing distance was expected to be so small that it was 
felt better to measure the change differentially between bright and faint stars in the 
same regions. Therefore, the colors of comparison stars were discarded, and the north 
polar stars and those at the two galactic poles were all treated in the same fashion. 

On the basis of a selective absorption increasing linearly with the distance, each star 
of a certain spectrum gives an equation of the form 

C.+— =G,, (1) 

1000 

where C, is the observed color, C, the color for zero distance, r the distance in parsecs, 
and ¢ the mean coefficient of selective absorption in magnitudes per kiloparsec. For each 
subtype Bo, Ao, At, etc., there is a different constant C,; but if we assume the same 
coefficient ¢ for all types, all stars in the same region can be included in one solution. 
We have preferred, however, to get separate values of c for each type and then combine 
them according to the weights resulting from the solutions. 
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TABLE 4 


WITHIN 30° OF THE SOUTH GALACTIC POLE 


SPECTRUM 


8g | Ao Als 21 —54 COLES 
70 | Bo Aon 20 60 11 
SO Bo Bos 20 50 I4 
62 | Ao \sn 15 605 oo 
85 | Ao Bon 35 — 60 o8 + 
35 Ao A3s 30 00 OO 

2 1 Ao \on Ds 64 O4 + 
26 | Ao Aon 32 64 O4 + 
10 \o At 37 62 11 
I Ao \o.5n 33 605 18) + 
8 \o \on 30 62 o8 
70 | Ao A4.58 15 60 | + 
9 \o Bos 10 00 17 
5 \o \Sn 17 603 + 
rere) \o Aon 52 60 $+ © 

Ao \sn 38 | +68 | + .03 +- 

( \o Bon 38 71 11 + 

» | B8 Bon 30 73 Is 

{ ) \7s sO 66 f+ 1 + 


eS 


F 
Oo 
- 
Ai 
s 
a 


7¢ Bo Bon 67 71 15 
2 \o Aen 77 606 ( 
5 \o \Ss 77 67 4 ! 


59 | Ao \is 107 7 8 
es \o \Ss 110 62 } 0 
78 \o \g 116 66 + 5 
14) Ac \snn 118 6 - Of { 
57 \o \7s 128 59 + 3 
9 \o \on 128 59 18 
9 \o Bs PSs 61 I 
6 \c \6s 140 60 +0 O01 
’ tance t eat p, spectrum peculiar 
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Fic. 1.—Selective absorption in different regions of the galaxy. Ordinates, differential color on the 


photoelectric scale; abscissae, distances in parsecs 
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With allowance for absorption the relation between the absolute magnitude M of 
Table 5 and the distance r is 


7cr 


5 log r = m— ~ M+ s:, (2) 
1000 


where m is the visual magnitude to be corrected by the term 7cr/ 1000, the factor 7 being 
the ratio of the visual absorption to the selective absorption on the A“ law.’ The pro- 
cedure was, therefore, to make a first solution of equation (1) for an approximate value 
of c. This c was then used in (2) to get corrected values of r, and the definite solution of 
equation (1) was then made. The results are in Table 6, where for each spectral type 
are given the resulting coefficient c, its weight p, and the number of stars involved. At 
the bottom are the weighted means and the probable errors formed from the residuals 
from these means. 

The result for the north pole of rotation, c = +0.21 + 0.02 mag/kpc, is quite satis- 
factory; and multiplying this by 1.5 to reduce to international scale, we get very close 
to +0.3 mag kpc, which Seares* found from an extensive photographic study of the 
same region. The scatter of the values for the galactic poles is such that a positive figure 


is just barely obtained; but we see no reason why the result, c = ++-o.11 + 0.05 mag/kpc, 
should not be taken as significant. It happens to come out the same for both galactic 
poles. 


The individual values of C, are not significant; but by putting the mean value of ¢ in 
the normal equations for each type we get new values of C,, which with ¢ gives from 
equation (1) the residuals 7 for each star in Tables 2, 3, and 4. These residuals have then 
been grouped according to distance and averaged in Table 7. The mean residuals, plotted 
in Figure 1,show at a glance the degree of reliability of the results of the present study. 
Asa final step the six points of the north galactic pole and the three of the south galactic 
pole are grouped into three normals of about 30 stars each. 

The stars for the north pole of rotation range in distance from about 100 to 350 par- 
secs at an average direction of 28° from the galactic plane. Toward the galactic poles the 
stars are from 50 to 200 or 250 parsecs from the galactic plane. The present data give us 
no information about the absorption within 50 parsecs on either side of the plane; it 
could be either greater or less than that from 50 parsecs outward. 

The B stars in low latitude give, however, an independent measure of the absorption 
near the galactic plane, and we found? c = +0.12 mag kpc asa sort of mean coefficient 
for regions relatively free from strong obscuring clouds, in practical agreement with 
¢ = +o0.11 mag kpe toward the galactic poles. Also, if we assume that most of the ab- 
sorption is within 250 parsecs of the main plane, we have 0.25 X 0.11 = 0.03 mag. as 
the maximum color excess toward a galactic pole, the same as 0.25/9 = 0.03 mag. pre- 
dicted from Hubble's total absorption at the poles. 

Thus the evidence from the colors of both the A and B stars is consistent with the 
hypothesis that the sun is immersed in a fairly uniform layer not more than 500 parsecs 
in thickness, giving a selective absorption of 0.11 mag kpe and a photographic absorp- 
tion of about 1 mag kpe. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
AND 
UNIVERSITY OF WISCONSIN 
WASHBURN OBSERVATORY 
May 1941 
7 Mt. W. Contr., No. 617, p. 5; Ap. J., 90, 213, 1939 


* Unpublished 
Mt. W. Contr., No. 632, p. 2; Ap. J., 92, 194, 1940 











TEMPERATURE CLASSIFICATION OF THULIUM LINES* 
ARTHUR S. KING 


ABSTRACT 
The spectrum of thulium has been examined at different temperatures of the electric furnace. With 
the aid of unpublished wave lengths and arc intensities supplied by Meggers, 357 lines of T’m1 and 
Tm 1 from \ 3081 to 8018 have been classified according to their response to temperature excitations 
from 2000° to 2600° C. 
Pending the definite establishment of energy-levels, lines judged to be from low levels in both the neu- 
tral and singly ionized spectra are suggested as identifications of faint lines in the solar spectrum. 


Thulium, element 69, has received little attention in recent spectroscopic work, owing 
partly to the extreme scarcity of the substance and partly to uncertainties in the separa- 
tion of its spectrum from that of erbium, the samples obtainable being usually mixtures 
of the two elements. Dr. W. F. Meggers has recently measured the thulium spectrum, 
with improved control for accurate identifications, and has kindly sent me his unpub- 
lished list of wave lengths, with arc and spark intensities. 

For the production of the furnace spectrum of thulium a small amount of the bromate 
was available. This sufficed for spectrograms from \ 3000 to A 8200 at two temperatures 
of the carbon-tube furnace (near 2600° and 2300° C), but none remained for the produc- 
tion of the arc spectrum. These spectrograms were checked and also were supplemented 
for lower temperatures by old photographs of the ytterbium spectrum, which showed 
many thulium lines as impurities. Data thus obtained for the intensities of lines at dif- 
ferent temperatures were used with the arc intensities of Meggers for the temperature 
classification in Table 1. Classes I and II contain the low-temperature lines, those of 
class I being more persistent. Lines appearing distinctly at 2300 are placed in class III, 
while those of class IV appear only at the highest temperature. Only a few lines of class 
V, namely, arc lines not detected in the furnace, are entered in the table, although a large 
number of faint lines in Meggers’ list would fall into this class. While intensities for only 
the high furnace temperature are given in Table 1, the classes are assigned according to 
the temperature of first appearance and the rate of intensity-change through the range 
from 2000° to 2600’. 

The selection of lines belonging to 7m 11, indicated by ‘‘E”’ after the class number, is 
based on their relative weakness in the furnace and their strength in Meggers’ spark spec- 
trum and on data obtained by him for Zeeman effect and constant differences in wave 
number. Some 7m 11 lines, evidently from low levels, have considerable strength in the 
furnace at both high and medium temperatures. 

A few lines not measured by Meggers in the arc, but distinct in the furnace spectrum 
and not yet identified with impurities, were measured by the writer. These are indicated 
by a dagger (7). An asterisk (*) refers to a note at the end of Table r. 

The intensities of lines questioned in the high-temperature-furnace column are un- 
certain on account of disturbance by the bands of C or CV from the carbon tube, unless 
masking by a metallic impurity is mentioned in the notes. The class to which such a line 
belongs was, as a rule, clearly indicated by the intensity of the line at lower tempera- 
tures, when the band structures were absent. 

Tentative identification of solar lines with thulium.—Experience has shown that the 
rare-earth lines to be expected in the solar spectrum are those from the lowest levels of the 
singly ionized atom. Thulium lines of this character, in the absence of knowledge of 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 651. 
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TABLE 1 
TEMPERATURE CLASSIFICATION OF THULIUM LINES 





INTENSITY INTENSITY 
\ (MEGGERS CLASS d (MEGGERS) CLAss 
! Pe Furnace Pes Furnace 
2081 123 40 3 I\ 3418 .625 2 3 | IV 
th 3122.534 15 I IV 3421.796 6 5 | IV 
id 3131.257 400 20 IVE 3424. 500 4 I | IV 
ns 2133. 880 200 6 |IVE 3425 .082 300_—C=*/| 60 IIE 
3151 .030 200 6 | IWE 3425.630 150 2 |WE 
u- 3157-344 150 5 IVE 34.29 . 333 15 8 IV 
3172.050 20 20 III 3429.82 r | IV 
| 3172.828 180 6 IV I 3435-349 10 | 5 Ill - 
ig 3179.089 10 3 III 3441. 505 200s} 60 | HIE 
a- 3180 . 505 12 5 | Ill 34.42.9905 10 5 IV 
: 3183.42 2 I I\ 3444.1604 ra) 4 I\V 
eS 3183.91 2 3 I\ 3445 .667 4 2 IV 
n, 3185.474 10 2 IV I 3440. 547 8 I IV 
b- 3233.740 20 20 I\ 3447. 353 8 8 Ill 
3235.448 60 I IV I 3.453.665 200 80 | IIE 
te 3240 . 230 25 5s | IVI 3454.505 4 ée || IV 
3241. 530 150 15 IV | 3454-735 5 2 | I\ 
es } 3246 .Q02 5 3 I\ 3450.350 7 a | IV 
C- 2251.628 15 I IVE 34601.164 20 I IVE 
(| 3258.048 15 8 IVE 3462.198 300 125 lil | 
ad 3206 .633 8o 5 IVE 3467.51 15 8 Ill 
- 3270. 811 50 } IVE 470.159 4 I IV 
ii- 3283. 400 50 5 IVE A71 035 5 I IV 
re 3291 .OO1 120 30 HIE 3471 .725 4 I be 
f 3290. 305 4 I IV 3475.704 2 I l 
: 3299. 116 8 15 II] 3475.813 2 I | IV 
gi 3300.822 6 I IV 3470.692 20 20 Ill 
SS 3302.454 150 8 IVE 3480 .975 20 10 Ill 
7e 3307. 825 2 I [\ 3482. 889 4 I | IV 
ly 2200. 804 100 2 IV In 3487 .370 30 4o III 
to 3310. 590 60 2 IV iy 3401 .715 9 I IV 
3310.875 60 2 IV E 3409 .445 7 5 Ill 
ge 3318.655 6 12 Ill 3499 .948 30 20 III 
3323.214 40 2 IVE 3500.918* 6 40 II 
is 3349 .989 30 rs II] 3503 .357 10 3 IV 
" 3302.619 300 60 Ill 3504 .037 2 I IV 
ail 3368 .604 8 2 IV 3508.453* 3 ? IV ? 
ve | 3371.58 i I IV 3513.728 3 I IV 
he 3374. 512 100 I IVE 3513.990 3 2 IV 
3380 5.35 6 3 lV 205A. 121" 5 30 IT 
3380 .685 3 8 III 3517.508 20 8 Il 
- 3384 .985 7 3 IVE? 2607921 9 I IV 
ed 3385 .087 8 10 Ill 3519.428 5 4 Ill 
3391.43 2 I lV 3521.751 3 2 IV 
n- ’ 3303 .187 8 6 Ii] 3525 .027 10 2 IV 
oe 3305541 6 2 VEE. ? 3525. 283 6h 2? IV? 
en } 3307.409 100 25 IV iE 3525 662 10 6? I\V 
ne 3307 808 3 6 IV 3527.170 6 2 IV 
‘a- 3399.80 2 1 IV 3535. 522 100 20 HIE 
3405 .Q66 6 $ | Ti 3530.576 8o 10 IIE 
he 3410.040 40 100 Il 3537.908 50 8 III 
3412. 592 20 12 II] 3542.082 5 ae I\ 
he | 3416.53 20 60 I] 3544.357 4 2? | IV? 
ot 3417. 601 2 2 IV 3550. 886 3 ? IV ? 
*See note at end of table t Not measured by Meggers. 
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TABLE 1—Continued 





INTENSITY INTENSITY 
CLAss dX (MEGGERS) CLAss 
ate Furnace ae Furnace 
(Megzers) (Meggers) 

10 40 III 5302.696 5 3 IV 

30 30 Ill 5307.12 200 1500 I 
3 IV 5312.271 4 4 IV 
4 } II] 5338.92 6 4? Ill 
20 15 III 5339.03 6 4? III 
15 IV 5354.050 5 10 Il 

4 3 IV 5402. 235 7 10 Ill 
4 fe) Ill 5416.909 10 e IV ? 
3 ? IV? 5440.453 3 10? | IIL? 
30 25° Ill 5405.54 10? ? VF 
70 400 I 5566.01 30 60 Il 

3 5? IV ? so81.358 10 4 IV 
So 4 IVE 5631 .404 150 1500 I 

1S 8 III 5642.599 20 150 II 
30 40 I] 5645. 402 15 2 IV 
50 10 III 5658. 305 50 300 II 

3 5? III 5675 .853 400 3000 I 

10 ? IV ? 5683.60 7d? 6 Ill 
20 8 II] 5709 .976 100 5 IV E 
To) ? IV ? 3 2 IV 
50 40? I] 15 15 Ill 
° 4 III 6 I IV 
30 40 I] ° 15 Ill 
15 } II 50 200 II 
10 ? IV ? 201 1 500 I 

10 200? I 100 VE? 
150 600? I 1oh 2 IV 
30 30 III 646 300 2000 I 

; 3 III 5899 .477 40 100 Il 

10 6 II] sgol . 580 20 6 EEE ? 
10 15 IIl 5912.59 10 V 

6 IV 5920. 854 4 25 Ill 
10 10 lV 5Q31.715 10 6 IV 
ohd 2 lV 5035.90 40 30 Iil 
6 1 III 5971.28 200 2000 I 

10 5 III 5075 .03 15 3 IV 

7 2 IV 5984.87 , 10 Ill 
60 20 II 6025.45 10 5 IT] 
10 5? III 6039.70" 8 ? IV ? 
10 6? Ii 6118.80 10 5 Ill 

| I IV 6131.54 20 20 Ill 
So 300 I 6138.80 th I IV 

5 80 II 6175 .305 25 60 III 
SO 20° III 6209 .g0 3 V 

| 3 IV 6211.43 25 5 Ill 

2 10? IV 6224.73 15 V 

9 ? III 6255 .081 s III ? 
40 5? lV 6305.65 10 3 IV 

n 10? IV 6337.765 25 V 
50 200 I 6352.6055 50 40 III 

4 ? II] 6353.91 8 ae 
10 60 Ill 6401 .454 50 40 III 
15 50 Ill 6440.55 15 8 Ill e 
10 6 IV 6460 . 273 300 800 II 
10 25 Ill 6470.08 2 2 IV 
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energy-levels, should be those of class III E, prominent in the arc and persisting in the 
furnace at medium temperature. Comparing the twenty-two III E lines with solar lines 
in the Revised Rowland, twelve were found to be masked in the sun, although in two cases 
the solar line identified has a companion of unknown origin. Of the others, nine are in 
fair agreement with faint unidentified solar lines, and only one, \ 3453.665, of intensity 
200, is clearly absent. 

The forty thulium lines of class IV E, presumably from higher levels than those of 
class III E and usually not so strong, are, for the most part, absent or masked in the 
sun. Seven unblended lines, however, are found to correspond with solar lines. The 
solar intensities of two of these seem high. The very strong line \ 3848 may be present 
in the sun, blended with CN. 

Neutral rare-earth lines seldom appear in the solar spectrum, only those of ytterbium 
and europium thus far being known. The lines of these two elements that appear in the 
sun are of very high intensity in laboratory spectra and reverse easily. Such outstanding 
neutral lines, absent in many of the rare-earth spectra, occur among the class I lines of 
thulium. The three strongest of these agree—in two cases not very closely—with solar 
lines of intensity — 2. The line \ 4105.8 has been recorded also in the spot spectrum, 
with intensity —1. 

Laboratory and solar data for the lines just discussed are collected in Table 2. The 
list is believed to include the lines in the solar spectrum which may be ascribed to thu- 
lium if analysis of energy-levels confirms the present experimental results. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
June 1941 








THE DYNAMICS OF THE INTERSTELLAR MEDIUM 
II. RADIATION PRESSURE 
LYMAN SPITZER, JR. 


ABSTRACT 


Radiation pressure will repel dust particles from a late-type star of high luminosity in the manner 
discussed by Schalén, while the atoms will be relatively unaffected by the encounter. Near a star of early 
type, however, the hydrogen is ionized, and the large interaction between dust and protons will force the 
interstellar medium to behave as a uniform homogeneous gas, provided that the velocity of the star js 
not much greater than 1o km/sec. The radiation pressure on dust near such a star will therefore tend to 
repel all the constituents of the medium, though the effect is considerably less than would appear if only 
dust were present. The pressure of radiation on atoms is less important; the radiation pressure per unit 
mass on interstellar atoms other than hydrogen is shown to be less, on the average, than the corresponding 
force per unit mass on dust. In the case of hydrogen the scattering of La radiation is so great that a 
quantum of La will diffuse slowly through space and will be absorbed by a dust particle before it has gone 
more than a fifth of a parsec; radiation pressure on hydrogen atoms is therefore negligible. It follows that 
for any one star the radiation pressure on the dust particles in a unit volume is much greater than that on 
all the atoms in the same volume. 

The direct effects of the general galactic radiation field are small. The radiative force on dust particles 
in the galactic plane will produce a slight difference between the medium as a whole and the stars in the 
net attraction of each toward the galactic center, the difference in equilibrium rotational velocities 
amounting to not more than a few tenths of a kilometer per second in the neighborhood of the sun. If 
the short time scale is assumed, interaction between dust and atoms will prevent any sorting-out of the 
different constituents of the medium under the pressure of radiation either parallel or perpendicular to the 
galactic plane. The galactic radiation field is indirectly responsible for a force between two dust particles. 
The absorption of radiation by two particles will reduce the energy density between them; radiation pres 
sure will therefore push the particles toward each other with a force which varies as the inverse square of 
the distance between them. For Fe particles with a radius of less than 1o~5 cm. this force is more than two 
hundred times the mutual gravitational attraction of the two particles. 


An investigation of the physical conditions of interstellar matter! shows that dust 
particles, in general, are negatively charged, that equipartition of kinetic energy exists 
between the dust and atoms of the medium, and that the medium behaves as a perfect 
fluid in its flow past stars. In this paper the effects of radiation pressure on interstellar 
matter are examined. A detailed quantitative investigation is not desirable at the pres- 
ent time, since there is so little observational material with which theoretical results may 
be compared. It is valuable, however, to investigate what phenomena in this connection 
may be important. 

The effects produced by radiation pressure may be divided into two classes: (1) the 
interaction between interstellar matter and single bright stars and (2) the influence of the 
general galactic radiation field. These two topics are discussed in the first and second 
sections, respectively, of the present paper. Section 3 presents an analysis of the average 
force between dust particles which results from the presence of the general galactic radia- 
tion field. 

I. SINGLE STARS 


The radiation pressure on dust particles in the neighborhood of a bright star has been 
examined by several authors,’ who have suggested that the high ratio of radiation pres- 
sure to gravity for the B and O stars would blow the lighter dust particles away from 


tL. Spitzer, Jr., Ap. J., 93, 369, 1941. This paper will hereafter be referred to as paper I 


2E. Schoenberg and B. Jung, A.N., 247, 413, 1932; B. P. Gerasimovit, Zs. f. Ap., 4, 265, 1932; 


J. Greenstein, Ap. J., 85, 242, 1937. 
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the neighborhood of such stars. Schalén has extended the analysis to show that radia- 
tion pressure sets a limit to the distance within which a dust particle may approach a 
luminous, moving star. For the early B and Ostars this limiting distance, which we shall 
denote by 7,, may amount to ro parsecs or more, but for other stars the effect is small. 

These analyses neglect the fact that, if the abundances assumed in paper I are correct, 
the dust velocities during an encounter will be influenced by the atoms present. In fact, 
if the velocities and external forces are not too great, atoms and dust will behave as a 
uniform gas, with the dust diffusing only slightly through the atoms. For changes which 
occur sufficiently rapidly, however, the dust and atoms will act independently. 

It is desirable to have some rough criterion as to whether the atoms and dust particles 
behave independently, or not, in any particular case. For this purpose we may consider 
a simplified one-dimensional problem in which dust and atoms, moving initially with a 
velocity v, stream directly toward the center of a motionless star. The dust particles 
will be acted upon by two forces. The first tends to reduce the flow of dust through the 
atoms; we shall call this an ‘‘interaction force.’’ The second is the external force on 
dust arising from the gravitational attraction of a star or from the pressure of stellar 
radiation. 

The interaction force may be computed from the analysis of equipartition of kinetic 
energy given by the author4 and summarized in paper I. Let V be the velocity of a dust 
particle in the frame of reference in which the atoms have no net momentum. If V is 
much greater than the equilibrium root mean square velocity of dust particles, and if 
other forces are absent, the kinetic energy 3maV? of the dust particles will, on the average, 
decrease to 1 ¢ its initial value ina time ¢,, where ¢, is the appropriate value for the time 
of equipartition ;5 m, is the mass of a dust particle. Since 3mz is constant, it follows that 
? equals its initial value multiplied by exp (—¢/t,), and dV /dt is equal to — V/2t,. This 
represents the decrease of the scalar velocity of the dust particle, which in the general 
case may differ from the acceleration in any particular direction, since deflections may 
be important. It is clear physically, however, that a heavy, rapidly moving particle 
will tend to be slowed down, rather than deflected, by encounters with lighter particles; 
in such a case the loss of momentum results primarily from the loss of kinetic energy. 
The acceleration of the particle toward the star is therefore equal to the scalar accelera- 
tion found above; and the interaction force, which is the product of mass and accelera- 
tion, becomes —maV 2t,. The external force at a distance r from a star of mass M is 
simply (a — 1)GMm, r?, where a is the ratio of radiation pressure to gravity; we shall 
assume that a is greater than unity, since this is the case of primary interest. 

It is clear that dust and atoms will react independently with a star if during most of 
the encounter the external force on the dust particles is much greater than the interaction 
force, i.e., if for an appreciable range in r, 


V _ (a—1)GM 
: : (1) 
2t, i 
To apply this criterion to a particular encounter we first assume that the interaction 
forces are negligible and that each dust particle acts independently of the rest of the 
medium. The value of V asa function of r may then be calculated. If the V so computed 
satisfies inequality (1), for the relevant range in r, then the initial assumption that dust 
and atoms act independently has been verified. 


AIG F Ap., 17, 200, 1939. 
1M.N., 100, 396, 1940. 


>This result was proved initially on the assumption of Maxwellian velocity distributions for all 
particles. It is readily shown that this same result holds for the loss of energy by heavy particles of any 
velocity V, provided only that V is much less than the root mean square velocity of the lighter particles. 
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The quantity V is the difference between the velocity of the dust particles calculated 
from the usual energy equation and the velocity of the atoms relative to the star, and we 
must make some assumption about this latter velocity to test the validity of inequality 
(1). As we shall see below, the atoms are, on the average, less affected by an encounter 
with a star than are the dust particles, and to maximize V we shall assume that they are 
in fact completely unaffected. The velocity of the atoms relative to the star is therefore 
equal to v, the velocity of the medium relative to the star when r is very large. 

The analysis is simplest when r is equal to r,, the distance of closest approach if the 
interaction force is negligible. At this point the initial kinetic energy of a dust particle is 
converted wholly into potential energy, and we have 


(a — 1)GM 


T 


1 2 
»¢ 


At this point of closest approach the velocity of the dust is zero; but since the atoms are 
assumed to be moving with the initial velocity 2 relative to the star, the velocity V of the 
dust particles relative to the atoms will equal v. If we set r equal to 7, and V equal to 
in inequality (1), and use equation (2) to eliminate (a — 1)GM, we find 


Since inequality (1) must hold for larger values of r as well, if the dust and atoms are to 
behave independently throughout most of the encounter, and since V does not decrease 
so rapidly as 1/r?, we conclude that r, must be considerably less than vt, if the interaction 
forces are to be negligible. 

The value of ¢, to be used in inequality (3) depends on the state of ionization of hydro- 
gen. Near late-type stars the hydrogen is neutral, and the value of ¢, computed in paper 1 
for such a case is 4X 105 years. If v is 10 km/sec, vf, equals 4 parsecs, which is greater 
than the values of 7, for most such stars. We may infer that dust and atoms interact 
independently with these stars and that in this case the Schalén analysis holds. 

For early-type stars, however, the values of s,, the radius of an #/ 11 region of ionized 
hydrogen,’ are greater for the most part than the values of r,. Hence for ¢, we must take 
104 years, the value relevant to H/ tt regions. If visagain 10 km/sec, vt, is nowa tenth ofa 
parsec. The values of r, calculated by Schalén for these stars are all greater than this; it 
follows that for early-type stars the Schalén analysis is not applicable. For stars of 
sufficiently high velocity, —35 km/sec or more—dust and atoms will again become inde- 
pendent; the value of 7, in such a case is only a tenth, or less, of the values given by Scha- 
lén, and the effect is therefore not important. On the other hand, the value of ¢, used is 
an upper limit, since dust particles with a radius of less than 10-5 cm and with a density 
of less than 7.8 gm/cm will come into equipartition with atoms more rapidly than has 
been assumed here. 

Where the repulsive force of radiation is most important, therefore, the dust and atoms 
may be assumed to behave as a single gas. The dust will tend to diffuse slowly through 
the atoms, but the velocity V of diffusion will be small, in general, compared to the veloc- 
ity v of the star relative to the medium. 

To prove this we consider the factors determining V. This relative velocity will tend 
to increase to the point at which the interaction force nearly balances the external force. 
Hence V /t, will be very nearly equal to 2(a — 1)GM /r’; if we use equation (2) to eliminate 
(a — 1)GM as before, we see that V/v equals vt,r,/r?. If vt,,/r, is small, V /v will there- 
fore also be small, unless 7 is much less than r,; it is physically obvious that when r Is 
sufficiently small the atoms and dust will separate to a large extent. If diffusion is negli- 


6B. Stromgren, Ap. J., 89, 526, 1930. 
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gible when r is equal to r,, however, one may safely neglect diffusion in discussing the 
major effects involved in the flow of interstellar matter around stars. If the diffusion of 
dust through atoms is small, the diffusion of atoms of different kinds through one another 
will be even smaller, since the value of ¢, for atoms is much less than for dust particles. 

When v#./7; is small, therefore, we may, for the most part, treat the interstellar me- 
dium by the usual methods of aerodynamics. The force on each volume element will be 
the resultant of the gravitational attraction and the radiation pressure, summing this 
over all types of particles. The flow of a compressible gas around a body which attracts or 
repels the gas with an inverse-square force has never been analyzed in detail, but certain 
general conclusions may be drawn from the magnitude of the forces involved. 

The value of the gravitational attraction is readily computed; the radiation pressure 
on dust particles has already been analyzed in considerable detail. The radiation pres- 
sure on atoms, which has not been thoroughly investigated in this connection, may be 
shown to be unimportant. Let us compute the ratio of the radiative force per unit mass 
on an atom to the corresponding force per unit mass on a dust particle. The force per 
unit mass will be called a ‘‘specitic force,” and the ratio between the two specific radia- 
tive forces on atoms and on dust will be denoted by &. Let subscripts a and d refer to the 
atom and dust particle, respectively. 

For a spherical dust particle of radius o at a distance r from a star whose luminosity is 
L(v)dv in the frequency interval dy, the force of radiation F,¢ is given by 


j L(y) 
F.4= ro: f KO(v) = dv , (4) 
J° 4rr*< 


where c is the velocity of light. The efficiency factor Q(v) is the ratio of the energy scat- 
tered or absorbed to that which is incident on the geometrical cross-section 7o?; for a 
large opaque particle Q(y) is unity. The quantity « is the ratio of the momentum received 
by the particle to the momentum of the radiation scattered or absorbed. For absorbing 
particles « is clearly unity, while for scattering particles x depends on the phase function. 
Since x probably does not vary widely, we shall set it equal to unity. 
The mass m, of a dust particle is 47a5d/ 3, where d is the density of matter within the 
particle; from equation (4) we therefore find 
F 4 3L0 
a (5) 


Ma 16rodr’c ’ 


where L is the total luminosity of the star in ergs per second and 


For an atom, on the other hand, the force of radiation is given by the relationship 
' in 
Pia } ay — dv ; (7) 
0 


where a, is the absorption coefficient per atom. In interstellar space only the ground state 
is populated, and, in general, only a few ultimate lines will contribute significantly to 
F,,. We shall consider only the lowest ultimate line—that of longest wave length—and 
shall assume that this has an oscillator strength of unity; this maximizes F,, in general. 
If L(y) isassumed to change but slightly over the line, and a, is replaced by its integrated 
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value re?/m,.c, where m, is the mass of the electron, the specific radiation force on an atom 
becomes 
} Cee = e’L(v) 
Me  4M.MarC? (9) 
Finally, if we divide equation (8) by equation (5) and use the expressions of Planck and 
Stefan in the ratio L(v)/L, we have 


P 20ead (= ) I 
ea am» ryy 
3 vO 1 \nl hv 
73M, Mal VC exp 1 (o) 
h 


The assumption that the energy distribution of stellar radiation corresponds to black- 
body radiation at the effective temperature of the star is not accurate in detail but should 
provide an adequate approximation. The neglect of stellar absorption lines again in- 
creases &. 

To maximize & we may replace the bracketed expression in equation (9) by its maxi- 
mum value, 4.78, and let d equal 7.8, its value for Fe. Then, if we express v in terms of 
the corresponding energy in electron volts, which will be denoted by F,, and let m, equal 
Am, where m, is the mass of unit atomic weight, we have, finally, 


oO 
oo < 5.5 X10" =a (10) 
Ss e 
AE,O 


Schalén? has computed extensive tables of a quantity y,(20), which in the present 
notation is Q(v) /8ara. When a is equal to or less than 10°* cm it is evident from Schalén’s 
graphs that y(2c) is greater than 104 for wave lengths shorter than 4000 A. For stars of 
type A or earlier most of the radiation lies to the violet of \ 4ooo, and we may adopt to4 
as a lower limit for Y,(2c) in such cases. Equation (10) then becomes 


> , 
~<a (11) 
S e 
AE, 


For particles of lesser o or d, — will be even smaller than the value given by equation (11). 
Dust particles of much larger radius cannot be very abundant and are presumably of 
small importance. 

For long wave lengths y(2c) varies primarily as 1, A; hence for stars of even the latest 
spectral type the average value of Y should not be less than 103. On the other hand, the 
bracketed expression in equation (g) is very small for these cool stars, since almost all 
ultimate lines lie relatively far in the ultraviolet. If, for instance, 7 is less than 4000 
and » corresponds to a wave length of less than 3500 A, this bracketed term will be less 
than one-tenth the maximum value which was used to derive equation (11). We may 
therefore assume that equation (11) is correct for all stars. 

From equation (11) we may evaluate the relative importance of radiation pressure on 
atoms other than hydrogen. The assumption will be made that the total mass abundance 
of atoms other than hydrogen in interstellar space is not greater than the mass abundance 
of dust. Let — denote an average value of £ over all such atoms, each atom being weighted 
in accordance with its mass abundance. 


7 Uppsala Ann., 1, No. 2, 1939; Sc: alén and Wernberg, Arkiv fir Math., Astr., och Fysik, 27A, No. 26, 
1941. (Uppsala Medd., No. 83.) 
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The value of — depends on whether or not the hydrogen is ionized. In H 11 regions all 
atoms will be highly ionized, and the energy of even the lowest ultimate lines will be 10 
e.v. for the most part. The atomic weight A is also greater than 10 for all but the lightest 
atoms, and £,A should therefore much exceed ro? for all but occasional neutral or singly 
ionized elements. Hence the value of £ averaged over all atoms other than hydrogen will 
certainly be less than to. 

In 1 regions the lighter elements of ionization potential greater than 13.5 volts—N, 
0, F,and Ve—will be neutral, which will decrease E, for these atoms and tend to increase & 
somewhat. But the elements of lesser ionization potential will become more highly ion- 
ized, owing to the decrease of the number of free electrons per cm’ when H# is neutral. 


This should largely offset any increase in &. It follows that — in any case is less than 10. 

Most of the approximations made in evaluating — have maximized this quantity. In 
particular, the bracketed expression in equation (g) will usually be much less than the 
value assumed. This quantity is obviously a maximum when F, for the ultimate line 
is approximately the energy Emax at which the radiation per unit frequency from the 
star is a maximum. But the electron density of interstellar space is so low that most 
atoms will be ionized to the point at which their next ionization potential, E;, is very 
much greater than Emax. Since the energy absorbed in the lowest ultimate line is never 
less than £;/5 and is usually greater, E, will also be considerably greater than Emax, on 
the average. For many elements & will therefore be very small, particularly for matter 
which is relatively close to a star. 

The most serious approximation here is perhaps the neglect of a possible excess of 
ultraviolet radiation, of the type observed for the sun. Such a deviation from black- 
body radiation will not affect these results, however, unless a very considerable propor- 
tion of the energy of the star appears in the ultraviolet. The bracketed term in equation 
(9) has been substituted for the dimensionless quantity vL(v)/Z; when v is much greater 
than Ymax, this quantity will be small unless an appreciable fraction of the total luminos- 
ity Lappears in radiation of frequency much greater than yYnax. Although the flux of solar 
radiation in the far ultraviolet is enormously greater than one would expect from a black 
body at the solar effective temperature, it is relatively small compared to the total solar 
luminosity. If this result is valid for other stars as well, the presence in stellar spectra of 
marked deviations from the Planck formula should not affect appreciably the foregoing 
results. We may therefore conclude that é is actually not greater than unity, at most, 
and is probably considerably less. 

Hence it is evident, if we remember the definition of £, that the total force of radiation 
on a gram of atoms (other than hydrogen) is at most equal to the corresponding force 
on a gram of dust particles. Since the interstellar density of all such atoms has been as- 
sumed to be somewhat less than that of dust, it follows that the total force of radiation 
on all such atoms ina unit volume of interstellar space is no greater than the correspond- 
ing force on the dust particles in the same volume. 

To complete the analysis, the force on hydrogen must also be considered. For free 
protons and electrons the influence of radiation pressure is clearly small. In H 1 regions 
the relative ionization is so high, on the average, that any radiation forces on the hydro- 
gen in such regions may be neglected. 

In regions of neutral /7, however, a separate analysis is necessary, since from equation 
(11) we see that & for H atoms may be as great as 10%. In addition, the intensity of La 
radiation is much increased by the absorption of ultraviolet radiation. As in the plane- 
tary nebulae, every quantum of radiation beyond the Lyman limit emitted by a star will 
produce one quantum of La, together with other quanta of the higher series. 

The very large radiation pressure which one might expect from this source in all H 1 
regions will be eliminated by the presence of absorbing dust particles. The optical depth 
in La in a single parsec is roughly 6.9X 104 if one 7 atom per cm: is assumed, together 
with a flat-topped profile corresponding to a Doppler broadening of +30 km/sec. A 
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quantum of La will therefore diffuse very slowly through the interstellar medium and 
will be absorbed by a metallic particle before it has gone very far. 

Let us consider more quantitatively the flow of radiation outward from a spherical 
source of radius sy. The source is simply the H 11 region surrounding the star; the total 
luminosity of the source in La radiation may be taken as given. Scattering by neutral 
atoms in H 1 will give rise to a large mass scattering coefficient /,; a small absorption co- 
efficient &, will arise from the presence of dust particles. If the relative change of r— 
the distance from the star—with increasing optical depth in the line is small, the Ed- 
dington approximation is legitimate, and the equation of transfer in a spherical system 
gives’ in the usual notation 


r @ f dé, 
i (r ee = g(J,— B,), (12) 
where 
dr, = k.pdr ; (13) 


p is the density of interstellar matter, and, since ¢ is negligible, 


l, 
g=3(rt§). (14) 


The quantity 7, is not the optical depth in the line but only that very small fraction of 
the optical depth which arises from true absorption. For convenience we shall take 7, 
equal to zero at the boundary of the H 11 region, when r equals s,. Contrary to the usual 
convention, 7, here increases with increasing r. 

In the present case the re-emission from the dust particle corresponds to a tempera- 
ture of a few degrees absolute, and B, may be neglected. If we also assume that /,, k,, 


and p are constant, equation (12) has the solution 


J, =- e (15) 
where 1 is a constant. 
To determine A we have the condition that when r equals s,, the radius of the H 11 re- 
gion, the total flux 47r°F, must approach L(v), the luminosity of the source in the fre- 
quency v. We find that F, is given by 


L( ») ot kh, 
: sie eee m (3 q | (16) 
4rr’ 1 + gk.ps, 


We may define the total optical depth ¢, in the line by the relationship 
dt, = p(l, + k,)dr. (17) 


If we assume again that /,, k,, and p are constant and that both optical depths are zero 
when r equals s,., then we have from equations (13) and (14), 


qty = (37.4,)"7. (18) 


In the present case k, is very much less than /, and may be neglected in equation (17). 


8S. Chandrasekhar, M.N., 94, 444, 1934, eq. (83). 
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The value of F, at a distance of 1 parsec from the boundary of the H 1 region may be 
determined directly from equations (16) and (18). The optical depth ¢, corresponding to 
this distance will be 6.9X 104 as before. The corresponding optical depth for extinction 
(scattering and absorption) by interstellar dust will be roughly 1o~3, giving a moderate 
absorption of 1 mag/kpc. The albedo of interstellar particles—the ratio of pure scatter- 
ing to the total extinction—is somewhat uncertain,’ but the most probable value is‘ 
about 0.5, giving equal amounts of scattering and absorption. At a distance of 1 parsec 
from the region of ionized hydrogen the value of 7, is therefore 5X 10~4, and from equa- 
tion (18) we see that the corresponding value of g7, equals 10. At this distance the value 
of F, found from equation (16) is quite negligible. Considerable variation in the density 
of dust is possible without affecting this result. A more complete analysis, taking into ac- 
count the decrease of L(v) through absorption of radiation by dust particles within the 
Hu region and the increase of L(v) by fluorescent processes, leads to an even smaller 
value of F, fora given r. It is evident that the effect of radiation pressure on hydrogen, 
neutral or ionized, may be neglected. 

From the foregoing analyses it follows that the radiation pressure on dust particles is 
clearly more important than that on atoms. Even if £ is as great as unity for atoms other 
than hydrogen, the assumed mass abundance of hydrogen is sufficiently great so that the 
final value of the specific radiation pressure for all interstellar atoms is considerably less 
than the corresponding quantity for dust particles. This varifies the assumption, which 
was made above, that, when the dust and atoms act separately, the atoms will be less in- 
fluenced by the encounter than will the dust. 

Hence, late-type supergiant stars will repel dust particles without affecting the dis- 
tribution of atoms appreciably. Some distance from such a star the dust particles which 
have been repelled from the star will be slowed down by the atoms, giving up their mo- 
mentum to the medium. To this extent the conclusion at the end of paper I must be 
modified, since if a star is surrounded by an // I region, the interaction of dust and atoms 
will not appreciably affect the flow of atoms around the star. A supergiant M star will 
therefore impart momentum to the medium even if its velocity through the medium is 
less than 10 km/sec. If its velocity is as low as 3 or 4 km/sec, however, v¢,/r, will be 
small, since this quantity varies as v3; in such a case the dust and atoms will not sepa- 
rate appreciably and the medium will receive no net momentum. 

For early-type stars, on the other hand, the dust and atoms will behave as a homogene- 
ous gas. The repulsive force on the dust particles will tend to repel the entire interstellar 
medium from stars whose luminosity is sufficiently high. Both the high random atomic 
motions and the mass abundance of hydrogen— presumably somewhat greater than that 
of dust—will tend to reduce the effective mean distance of closest approach for the me- 
dium as a whole to a value below r,, the distance of closest approach if dust alone were 
present. Observational evidence on the distribution of interstellar matter near bright 
stars would make possible an estimate of the relative abundances of dust and atoms. 


2. THE GALACTIC RADIATION FIELD 


The distant stars of the Milky Way produce a moderately smooth radiation field 
which exerts an appreciable pressure on interstellar particles. This galactic radiation 
field has been treated in detail by Greenstein," who finds that it is much more nearly 
homogeneous in galactic longitude than one would expect from the assumed distribution 
of mass in the Galaxy. This effect results from heavy absorption in the direction of the 
galactic center; this absorption reduces the resultant force of radiation on dust particles 

°O. Struve, Ap. J., 85, 194, 1937; L. G. Henyey, Ap. J., 85, 255, 1937; J. L. Greenstein and L. G. 
Henyey, Ap. J., 89, 647, 1930; ibid, 93, 70, 1941. 

© T am indebted to Dr. Greenstein for this value. 


™ Harvard Circ., No. 422, 1937. 
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in the galactic plane to about 1 per cent, at most, of the gravitational attraction to- 
ward the center of the Galaxy. Moreover this radiative force is not directed toward the 
anticenter but deviates by about 50°. 

The gravitational acceleration toward the galactic center may be set equal to v?/r 
where 7 is the circular velocity of 300 km/sec in the neighborhood of the sun, and r is the 
distance of 10,000 parsecs to the galactic center. The net force of radiation in the galac- 
tic plane would therefore ade an acceleration of an isolated dust particle roughly 
equal to 3X10—'° cm/sec’. If dust particles alone were present they would rotate about 
the galactic center with a circular velocity less than that of the stars by about 1.5 
km/sec 

The presence of atoms will modify the situation in the same way as before. We have 
seen that the radiative force per unit mass for atoms is less than the corresponding quan- 
tity for dust particles. When we discuss the general radiation field of a galaxy, we must 
average £ not only over different types of atoms but over all different sources of radiation 
as well. When the bracketed expression in equation (9) is averaged over all values of 7, 
weighting each value by the total apparent luminosity of all stars whose effective tem- 
perature is 7’, — will be decreased still farther from the upper limit found in section 1. It 
may be concluded that the net effect of galactic radiation pressure on atoms, like the pres- 
sure from individual stars, is, in all probability, considerably less important than the cor- 
responding force on dust particles. 

If the specific force of radiation on atoms were equal to that on dust particles and if 
the distribution of interstellar matter in the galactic plane were similar to that of the stars, 
the entire medium would show a velocity of rotation less than that of the stars by 1.5 
km/sec. If, as seems more likely, the average value of £ for all atoms is considerably less 
than unity, then the medium will still tend to rotate ‘somewhat more slowly than the 
stars, but the effect will be reduced by a factor equal to the relative amount of inter- 
stellar matter which is in the form of small dust particles. Thus, if dust and atoms are 
equally abundant, the equilibrium circular velocity of galactic rotation for interstellar 
matter should be less than that of the stars by 0.75 km sec. If hydrogen is ten times 
more abundant than dust, this difference of velocity is reduced to 0.15 km sec. This 
difference between the stars and the interstellar medium in their net attraction toward 
the galactic center could result, of course, either in an actual difference of mean rotational 
velocities or in a difference between the pressure gradients along the galactic plane. This 
latter case would lead to a concentration of interstellar matter toward the galactic center 
somewhat less than that of the stars, although this tendency might be reversed by the 
difference of mean square velocities between the stars and the interstellar particles. In 
any case, however, the effects are probably too small to be observed. 

When the medium as a whole is in equilibrium, the individual dust particles will drift 
through the atoms with a relative velocity such that the external and interaction forces 
are equal and opposite, where these terms have the meanings given them in section 1. 
The interaction force is, as we have seen, —m,V’/ 2t,; the external force is 3X 10°'’m 
if we use the acceleration of an isolated dust particle which was found above. Equating 
these two forces, we find 


V = 6 X 10-7... (19) 


This assumes that the dust is less abundant than atoms and that therefore the velocity 
of the medium as a whole is not greatly affected by the forces on the dust particles. Since 
4X 105 years is an upper limit for ¢,, we see that V is at most 8X 103 cm, sec in the neigh- 
borhood of the sun. This is greater than the equilibrium random velocities computed in 
section 2 but is still small, and would produce a negligible separation of dust and atoms 
in the galactic plane during 10° years. 

Although the force of radiation on dust particles in the galactic plane is small compared 
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to the force of gravity, this is not true for the forces perpendicular to the plane. In fact, 
for particles of radius 10° cm Greenstein finds that the repulsive force of radiation a 
short distance away from the plane may exceed slightly the force of gravity toward the 
plane. For greater distances from the plane the concentration of the more luminous stars 
becomes relatively less, the luminosity per unit mass decreases, and the force of gravity 
becomes great enough to overcome the radiation pressure. 

One might gather from Greenstein’s analysis that particles of radius within a certain 
range would tend to gather in parallel planes some 50 parsecs or so on each side of the 
galactic plane. But the time required for dust to reach an equilibrium of this sort, even 
if no atoms were present, would be roughly one-fourth the time required for stars to 
perform a complete oscillation through the plane and back, or 107 years. 

Since the level of ionization will increase with decreasing density and hence with in- 
creasing distance from the galactic plane, the average value of & for all atoms at a mod- 
erate distance from the galactic plane should be even less than its value in the plane. 
The radiative force perpendicular to the galactic plane is therefore much less on atoms 
than on dust; an atom will show little tendency to be repelled from the plane, on the 
average, but the dust will tend to diffuse outward through the atoms. The time re- 
quired for dust to diffuse some 50 parsecs from the galactic plane is well over 10° years. 
Even if the adopted time scale were sufficiently long, the concentration of dust into clouds 
and the change of radii with time would probably act to prevent the attainment of such 
an equilibrium. It is evident that we may neglect the direct effects produced by the 
radiation pressure of the galactic field on both dust and atoms. 

3. RADIATIVE ATTRACTION BETWEEN DUST PARTICLES 

There is another effect of radiation pressure which has apparently not been considered. 
Two particles in an isotropic radiation field will be forced toward each other by radiation 
pressure, since the shadow of each on the other will produce an uncompensated force 
along the line joining the two particles. If the radiation field is not isotropic, the force on 
the first particle may be resolved into two forces, F, the force arising from the radiation 
pressure in the absence of the other particle, and Fy, the increment of force arising from 
the fact that the other dust particle cuts off some of the radiation. The average force on 
the first particle is then equal to F, + Fy, the sum of the averages of F, and Fy. 

We have seen that the average value of F, for particles in the galactic plane produces 
no important effects. The value of F, for any two particles will vanish except for those 
intervals when the second particle comes between the first one and either a star or a bright 
nebula. The force F, will always be directed between the two particles, however, and one 
may take an average over time as the line between the two particles slowly changes its 
direction. This average will not vary by more than a factor of two as the line between 
the particles points toward different galactic longitudes, and to a first approximation Fa 
may be calculated as though the radiation field were rigorously homogeneous and iso- 
tropic. 

For any two particles F, is clearly is very much less than the minor statistical fluctua- 
tions in F,, but for large numbers of absorbing particles the effect is statistically signifi- 
cant. In other words, a dust cloud will tend to be blown about by the radiation from 
passing stars and by the general radiation field, but the net effect will be to force the 
cloud together. Hence Fu, though small, may produce a cumulative effect which is much 


more important than any result arising from F). 

This radiative force F., between two dust particles will be denoted hereafter by f,. Let 
us calculate f, in a radiation field of energy density U(v) ergs per cm$ per frequency in- 
terval. If the dust particles are not separated by more than a few hundred parsecs, the 
radiation arising from stars between the two particles will be much less than that from 
beyond and may be neglected. 
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If the second particle has a geometrical cross-section a3, it will subtend a solid angle 
mo;/r? at the first particle, where r is the distance between them. If the absorption effi- 
ciency of the second particle is unity, no radiation will reach the first particle in this solid 
angle, and the energy density of frequency » at the first particle will be reduced by an 
amount 2o2U (vy) /4mr?. Since the absorption efficiency is not unity, in general, we must 
multiply this computed reduction in energy density by (1 — y..)Q2(v), the absorption 
efficiency of the second particle for radiation of frequency v. As in section 1, Q(v) is the 
ratio of the total radiation scattered or absorbed to the radiation incident on the geo- 
metrical cross-section mo?; y2, is the albedo of particle 2 in the frequence v, and 1 — ¥,,is, 
therefore, the fraction of the extinguished radiation which is absorbed rather than scat- 
tered. The scattering of radiation will not affect the energy density between the parti- 
cles if the radiation field is isotropic. 

If r is much greater than o, all the intercepted radiation may be assumed parallel to r; 
the total force of radiation on the first particle may then be found by multiplying the 
change in energy density by rajx,Q,(v), which is the extinction cross-section for the first 
particle multiplied by «,, the ratio of the momentum gained by the particle to the momen- 
tum of the radiation scattered or absorbed. As in section 1, we shall set x; equal to unity, 
The total force f, on the first particle is found finally by an integration over all frequen- 
cies, which yields 


; pete! il : 
i= Sf (I — ywI(Y)Q0.(y) l (v)dp. (20) 
; ar Jo 


The gravitational attraction between the two particles may be denoted by f,. The 
two particles will be assumed identical, the subscripts 1 and 2 omitted, and 470%d/3 sub- 
stituted for the mass of each particle. If we follow Schalén’s notation’ and substitute 
8rayr(20) for O(v), then the ratio of f, to f, becomes 


i or UK —_ 
—= —— (21) 
Io Gd? 


where G is the gravitational constant, U’ is the integrated energy density of radiation, and 


bo 
to 


K= | Se y.)W3(20)U(v)dv. \ 


When the radius o of a metallic particle is much less than X27, the scattering be- 
comes very small and y, vanishes; in addition, ¥(20) becomes" equal to F(A), A, where 
F(X) is independent of ¢ and depends only on the optical constants of the metal for the 
wave length \. For Fe particles, for instance, F(A) increases slightly from 0.55 to 0.75 
as d decreases from 5800 A to 3000 A. It is evident that as o decreases, /,/f, approaches 
a limiting value which is independent of ¢. With Dunham’s value’ of 5.2107 
ergs/cm3 for U, this limit becomes 


where (F(A)/X)? is averaged over U (yr). 
To find a lower limit for this average we may replace F(A) by 0.25. The average ol 
1/d? over the energy distribution for interstellar space computed by Dunham for no se- 


12 Proc. Amer. Phil. Soc., 81, 277, 1939. 
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lective absorption is roughly 3 X 10° cm~ but is decreased to 1X 10° cm~? if the values of 
U(v) for an assumed selective absorption are assumed. To obtain a final lower limit for 
j,/f, in equation (23) we replace 1/d? by 10° and d_ by 7.8, which gives f,/f, equal to 
*.1X10%. If d is unity, however, the ratio increases to 1.4X 104. 

In the more general case where o may have any value, we must replace F(A)/d in 
equation (23) by ya(20). It is evident from the graphs given by Schalén that an increase 
in o increases Y,(20) until o becomes approximately equal to \/27, after which ya(20) 
decreases as 1/a. Since roughly half the stellar radiation, as computed by Dunham, is of 
wave length longer than 4ooo A, an increase of o from zero to 10-5 cm will not decrease 
f,/f, appreciably. Particles of much larger radius may again be neglected, owing to their 
low abundance. 

An increase in o will, however, increase the albedo y,. In addition, all nonmetallic 
particles have an albedo which is nearly unity. Although scattering particles will not be 
forced together in a purely isotropic radiation field, the intensity of radiation in the ga- 
lactic system varies so greatly with galactic latitude that a force between such particles 
will actually appear. This force will be attractive if the line between the two particles 
lies in the galactic plane and repulsive if this line is perpendicular to the plane. The 
force between scattering particles will always vanish on the average, and we shall not 
consider it further. 

Since scattering is to be neglected, a lower limit on /,//, for particles of all relevant 
sizes and composition may be found if we multiply the value of 210 found above by the 
average value of (1 — y,) for interstellar dust particles. Since the most probable value 
of the mean albedo is'* about 0.5, as we have seen above, it follows that the average force 
of attraction between any two dust particles is at least a hundred times as great as the 
attraction of gravity between them. Since the galactic radiation is greatly concentrated 
to the galactic plane, the actual forces between particles will be greater than this lower 
limit if the line joining them is parallel to the galactic plane, and less if it is perpendicu- 
lar. Electrostatic forces between the particles will not affect any of these conclusions, 
since each dust particle will be accompanied by a sufficient number of free positive ions 
to neutralize the effect of its charge a few meters away. 

If the dust and atoms are assumed to behave as a homogeneous gas, the effective 
value of f, f, for interstellar matter will be reduced. If each gram of dust is accompanied 
by 1ogm of atoms, for instance, the gravitational force between two unit cubes of inter- 
stellar matter will be 121 times its value in the absence of atoms, and f,/f, will be de- 
creased by more than a hundred. The ratio of atoms to dust is probably not quite so high, 
however, and between any two volume elements of interstellar matter the radiative at- 
traction should be considerably greater than the corresponding gravitational force. 

Within large clouds of dust the energy density will be much reduced by absorption, 
and radiation pressure will yield a force wholly on the surface of the cloud. For clouds of 
small optical depth, however, this force among dust particles behaves mathematically in 
the same way as the gravitational attraction between them. Such a force is clearly of 
great importance in the formation and equilibrium of condensations within the medium. 

The similar force on an atom in the neighborhood of a dust particle cannot be of much 
importance in the distribution of interstellar matter. Let us consider the extreme case in 
which all the line radiation has been absorbed by a cloud and, as a result, atoms have 
been attracted to and concentrated in the cloud. The excess pressure of atoms within the 
cloud is given by (1 + Z)nkT, where n is the number of atoms per cm; within the cloud 
minus the corresponding number outside, Z is the average number of free electrons per 
atom, and & is the usual Boltzmann constant. If these atoms are held within the cloud 
by radiation pressure, P,, we must have 


P, = 36U = (1+ Z)nkT, (24) 














244 LYMAN SPITZER, JR. 


where ¢ is the fraction of the total radiation which the atoms are capable of absorbing in 
all stages of ionization and P, is the pressure on the atoms arising from this source, 
Since ¢ is less than 1073, we have 


1.3 
se CEE AY a (25) 
provided that U, the energy density of radiation, is again set equal to 5.2 107% ergs 
cm3, Since 7 is presumably at least 1000°, the increase in the concentration of singly ion- 
ized atoms from this source amounts, at most, to 7X 10-4 atoms per cm. This is negli- 
gible compared to an abundance of one hydrogen atom per cm present normally in inter- 
stellar space. Any radiative force on atoms is clearly negligible in this connection, 
For a cloud composed entirely of dust the upper limit on the density found from equa- 
tion (24) is so great that a large cloud of such a density would be held together primarily 
by gravitational attraction; the limit on the density in such a case is therefore of no im- 
portance. If, on the other hand, atoms are diffusing out of a cloud but are still forming an 
appreciable fraction of the mass of the cloud, the maximum density will again be small. 
Whether dust clouds can actually form in less than 10° years from an initially homogene- 
ous distribution of dust and atoms is a question which will be postponed to a later 
paper. 


YALE UNIVERSITY 
April 1941 
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OVERTONE PULSATIONS FOR THE STANDARD MODEL 
MARTIN SCHWARZSCHILD 


ABSTRACT 


The periods of the first four spherically symmetrical overtone pulsations are derived for the stand- 
ard model. 


Recent observations’ on short-period variables indicate that overtone pulsations may 
actually occur in variable stars. To make possible a comparison between these observa- 
tions and the pulsation theory, the periods of the fundamental mode and the first four 
overtones (all corresponding to radially symmetrical pulsations) have been computed 
for the standard model (which is likely to be a sufficiently good approximation for the 
short-period variables) for four different values of the ratio of the specific heats, y.? 

According to the pulsation theory,’ the periods are determined by those values of 


wy = (Fr) (Grp. (1) 


(where P is the period, G the constant of gravitation, and p,, the mean density in center), 
for which the pulsation equation 


T+ (t+3 me) tee (Ete 4 im) ao (2) 


d& & uu dé) dé, u Eu dé, 


(where & is the amplitude of displacement, & the mean distance from center, a = 
3—(4 y),and uw is the Emden function‘ of polytropic index 3) has a solution nonsingular 
both at & = oandat & = for. 

Close to the surface the standard model and the corresponding boundary condition 
for the pulsation are not good approximations. But the errors introduced into the pe- 
riods by this inaccuracy should not be appreciable. 

The characteristic values of w? were determined in the following way. A trial value 
of w? was chosen. For the neighborhood of £& = o and of & = £2 equation (2) was 
solved by power series; the series developed at & = o (neglecting sixth and higher powers 
of &) was used to compute &, at & = 0.4 and at & = 0.5; the series developed at & = 
tor (neglecting the fourth and higher powers of £ — £or) was used to compute & at 
f = 6.80andat & = 6.75. Two numerical integrations of equation (2) were performed; 
the first integration, using £,(0.4) and &,(0.5) as starting-values and A = +0.1 as step- 
value, was led outward to & = 5.1; the second integration, using £,(6.80) and &,(6.75) as 

tT. E. Sterne, Proc. Nat. Acad. Sci., 26, No. 9, 537, 1940; M. Schwarzschild, Pub. A.A.S., 10, No. 3, 
117, 1941. 

2 The period of the second overtone for y = 1.54 had already been computed by Miss H. A. Kluyver, 
Bull. Astr. Inst. Netherlands, No. 276, 1936. Dr. Sterne had found certain models, rather different from 
the standard model, for which the overtone periods could be derived analytically, M.N., 97, 582, 1937. 

3A.S. Eddington, The Internal Constitution of the Stars, pp. 188 and 192, 1930. 


4 British Association for the Advancement of Science, Mathematical Tables, 2, 1932. 
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starting-values and A = —o.05 as step-value, was led inward to & = 4.9. The integra- 
tion formula employed was 





with 


and 


B(E,) = > — 2Aa + 2A°% ( pea 4 Ee) 3 


2+ Aa 


the integrations were performed with the help of the punched-card machines of the 
Thomas J. Watson Astronomical Computing Bureau.’ The ratio R = &,(5.1)/ (4.9) 


TABLE 1 


CHARACTERISTIC VALUES OF w 





Mode a=0.0 a=0.2 a=0.4 a=0.6 Max. Error 
° oO .00000 0.05552 O.103QI 0.13070 £O.00003 
I 16643 19139 219905 25090 

2 3302 3048 3920 4209 0004 

3 5000 5803 60130 6420 0020 

0.5283 0.58554 0.5532 O.QII7 FO.0000 
was computed from each of the two integrations, and the difference D = Rouww — Rinw 
was derived. The whole procedure described so far was repeated for another trial value | 


of w’. A first approximation for the characteristic value of w? (for which D is zero) was 
obtained from the two available D-values by inter- or extrapolation, regarding D as a 
function of w?. This approximation for w? was used as a third trial value, for which D was 
again determined by the above procedure. Further successive approximations were ob- 
tained by using, every time, the previously derived D’s for the interpolation. The second 
approximation generally gave a sufficiently accurate value for the characteristic w? (al- 
together 74 outward integrations, each of 46 steps, and as many inward integrations, 
each of 37 steps, had to be performed with the machines). 

Table 1 gives the resulting characteristic w?’s. The estimated maximal errors in the 


s An improved integration method, found after the pulsation integrations had been performed, is de- 
scribed by L. Feinstein and M. Schwarzschild in Rev. Sci. Instr. (in press, 1941) 
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last column are based partly on comparisons with Miss Kluyver’s integrations® and part- 
ly on special test integrations showing the errors in the final results produced by the er- 
rors in the starting-values and by the errors in the integration formula used. 

Table 2 gives the periods of the overtones, in terms of the fundamental period, derived 
from the w’’s with the help of equation (1). 


TABLE 2 


OVERTONE PERIODS IN TERMS OF THE 
FUNDAMENTAL PERIOD 


a ».2 0.4 0.6 

Y 1.43 1.54 1.67 

P,/ Po 0.554 0.687 0.738 
> > oon ae 

P;/ Po 02 515 570 

P./ Pe 317 412 461 

P,/ Po 0.262 ©. 343 ©. 387 

TABLE 3 


RATLO OF SUCCESSIVE OVERTONE PERIODS 


a 0.4 0.6 

Y 1.33 1.43 1.54 1.67 
P,/ Po ©.000 554 0.687. | 0.738 
P/P, 700 724 -749 | 772 
P./P. 778 789 . 799 810 
Pf Ps 0.822 0.828 0.833 0.839 


Table 3 gives the ratios of the periods of successive overtones. 

Table 4 gives the amplitudes (£,) of the displacements as functions of the mean dis- 
tance from the center (&), normalized so that &; = 1 at & = £or. The &,’s given are 
taken from the integrations corresponding to the last trial values of w?, which differ not 
more than one in the last place from the final values given in Table 1. The last place of 
the €,’s in Table 4 is hardly significant; for the €,’s near the surface in the higher over- 
tones only the first two or three places are significant. For a = 0.4 the &,’s are shown 
also in Figure 1. 


6 Bull. Astr. Inst. Netherlands, No. 268, 1935, and No. 276, 1936. 
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Fic. 1.—The amplitudes ¢, of the displacements in the fundamental mode and the first four overtones 


sl 


for a =o.4, as functions of the mean distance £ from the center. 
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Fic. 2.—The amplitudes p, of the density variations in the fundamental mode and the first four over- 


tones for a = 0.4, as functions of the mean distance & from the center. 
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Table 5 gives the amplitudes (p,) of the density variations, derived from the £,’s 
given in Table 4 with the help of? 


dé, we 
= _ = —- .—_— 3€ 
Px 36: £5 dé, 3 dé, (§3é,) 
I . 
alle a B ([é3ér]e,—a — [&8Erle,+a) - 





For a = 0.4 the p,’s are shown also in Figure 2. 


I am indebted to Miss Lillian Feinstein for her most helpful co-operation in the work 
with the punched-card machines. 


RUTHERFURD OBSERVATORY 
COLUMBIA UNIVERSITY 
June 1941 





7 Eddington, op. cit., p. 187. 

















THE APSIDAL MOTION IN BINARY STARS BUILT ON A POINT- 
SOURCE CONVECTIVE-CORE MODEL WITH VARYING 
GUILLOTINE FACTOR 


LLOYD MOTZ 


ABSTRACT 


The apsidal motion for binary stars built on a point-source convective-core model with varying guillo- 
tine factor is calculated by numerical integration up to the fifth harmonic of the surface distortion. It is 
found that the point-convective model behaves, with respect to apsidal motion, very nearly like a poly- 
trope of index 3.48. For the five eclipsing binaries for which observations are available the polytropic 
indices corresponding to the observed apsidal motion agree fairly well with the value found for the point- 
source convective-core model. 


Since the apsidal motion of binary stars must depend on the distributions of density 
within each component, the observations of such motion can serve as an important inde- 
pendent check on the density distributions as derived from the theory of the stellar in- 
terior. In the present paper a comparison is made between the observed apsidal motion 
of five eclipsing binaries and that calculated for the point-convective model. This model 
was chosen for investigation in the present paper because much work has been done on it 
recently in connection with the problem of energy generation in the main-sequence stars. 
H. A. Bethe, G. Blanch, A. N. Lowan, and R. Marshak! have made an accurate deter- 
mination of the internal distribution of the temperature and the density of the point- 
convective model, taking account of the variation of the guillotine factor throughout the 
star. Their model was computed specifically for the sun, but the resulting relative den- 
sity distribution should hold also for the heavier main-sequence stars. 

In the first section of the present paper the necessary equations of the apsidal motion 
are set down; in the second section they are put into a form suitable for integration with 
the punched-card machines; in the third section the initial values in the neighborhood of 
the center and the connecting values at the core-envelope interface necessary for the 
machine integration are derived; in the last section the apsidal motion is obtained and 
compared with the observations. 


I. THE EQUATIONS OF THE APSIDAL MOTION 


In calculating the apsidal motion the procedure developed by T. E. Sterne? is fol- 
lowed. We start out from equation (4) of Sterne’s paper, which we write in the form 


oY, nin+1)., p 
a J n ( ‘ 
, + ” S(r) 


or? #7 
r 
S(r) = 3f p'r?dr' , 


r’ being the value of r for which p = p’. The Y’s in equation (1) give the distortion of the 
surface of constant density p within the star at the mean distance r from the center. 


2 


OF 
ig — 


Or 





+ V| 6) (1) 


where n > 2 and 


* Phys. Rev., 59, 467, 1941. The author is indebted to Dr. A. N. Lowan, director of the W.P.A. Project 
for the Calculation of Mathematical Tables, and to Dr. R. E. Marshak for making the density tables 
available to him before publication. 


2M.N., 99, 451, 1939. 
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If a be the value of r which corresponds to the distorted outer boundary of the compo- 
nent of the binary and we define »,(a) as 


ahh 


then the period of the apsidal motion is determined by the quantities 


i In+i1— 7n,(a) 
"2 eile) * \ 


os) 
— 


where 2 > 2. 

If we designate the two components of the binary as 1 and 2, and if v is the mean or- 
bital motion, w; and w, the rotational angular velocities about an axis perpendicular to 
the plane of the orbit, A the semimajor axis of the relative orbit, m, and m, the masses of 
the two components, G the gravitational constant, /,(e) and g,(e) power series in the orbit- 
al eccentricity e, then we have for the contribution of the second-order harmonic to the 
secular motion, w,/v, of the apse (eq. [14] of Sterne’s paper) 


3 


Ws, 2 a> Ye wiA as mM, , w2A3 
=k,, ac fle) + elo) | +5 ac (e) 


nt Bs - 0 | P (4) 


Pe) . vy 5 2\¢ ~ 
mM, m,G mM. mG 


Here the first term arises from the distortion of the first component, and the second term 
from the distortion of the second component of the binary. The third and fourth har- 
monics give rise to the contributions 





Ws. 3 , ai m, ai M1, 
—= = 28/k;,, - :  Ry3 “= /3(@) , 

v A7 m, A7l m,\"° 

Ws, 4 a? m, al m,| . 
= 45) kas — Sigs f,(e) , 

v A? m, 19 m,|° 


where /,;(e) and f,(e) are power series in e.? 


If P and P’ are the orbital and the apsidal periods, respectively, then to the order of 
accuracy of the theory here outlined we have 


ea 
(5) 


p’ y v v 


If we assume that both components of the binary have similar density distributions, 


then ky: = kn,2 = Rn, and we have from equation (5) 
P 
P’ me Cs > Cy By Fens (0) 


where the c’s are numbers which depend only on the masses of the components, their ro- 
tational angular velocities, and the geometrical constants of the orbit. 

In practice it is necessary to compute only the first few terms of the series, (6) since 
the c’s and the &’s fall off fairly rapidly. In fact, for well-separated components only the 
first term is needed to yield a sufficiently accurate value of P/P’. 








O 


f 


n 


f 
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2. TRANSFORMING EQUATION (1) TO A FORM SUITABLE FOR MACHINE INTEGRATION 


In this paper the quantities &, are calculated for the point-convective model by inte- 
grating equation (1) numerically.’ Since the convective core and the radiative en- 
velope must be treated separately, the integration is carried out in two parts. We first 
put the equation into a form suitable for machine integration by getting rid of the first 
derivative term. To do this inside the convective core, where the point-convective model 
corresponds to a polytrope of index 1.5, we introduce the substitution 


Fir) = VS 
and introduce in place of r and p the polytropic variables‘ 


gar and Ox p7/s, 


which satisfy the polytropic equation 


1 10 
—_ (p% = — os, 
& d&\> dé 


From this equation it follows that 


ed "as eat _ a6 
=] a naa iF 


rid | n(n+1) 


dé 


Thus equation (1) becomes 


“I 
wa 


—1.5071F =o. ( 


2 
c2 
Ss 


The coefficient of F in this equation can be easily computed for any value of &, since 
the corresponding 6 can be taken from the available polytropic tables.‘ 

In the region outside the core we must first introduce the new independent variable 
t= R’r, where R is the star’s radius, since it is in terms of this variable that the density 
distribution is given for the point-convective model with varying guillotine factor. To 
eliminate the first derivative term of equation (1) in the envelope we introduce the sub- 
stitution 

Fit) = YtS. 


If we further define LU’ = M, M, where M, is the mass contained in a sphere of radius r 
and M is the total stellar mass, then 


S = (27)UM , 


}The numerical integration was done by the Thomas J. Watson Astronomical Computing Bu- 
reau at Columbia University. The author is indebted to Miss Lillian Feinstein, in charge of the com- 
puting work, for her helpfulness. A description of the integration procedure is given in a paper by Miss 
Feinstein and Dr. Martin Schwartzschild in a forthcoming issue of the Review of Scientific Instruments. 

4S. Chandrasekhar, Introduction to the Study of Stellar Structure, pp. 84-88, Chicago: University of 
Chicago Press, 1930. 


8 The Tables of the British Association for the Advancement of Science, Vol. 2. 











256 LLOYD MOTZ 


and our equation (1) becomes 


aF sy 3 1 dp 

——-|Inin+1)—-=2= F=o0. 
det? i p UF dt (8) 
Here p = 1.41 is the mean density of the sun, and dp/dt and U are given in the tables 


mentioned in footnote r. 
Equation (7) has to be integrated from the center of the star to the interface, and equa- 


tion (8) from the interface to the surface of the star. The machine integration is per- 
formed with the aid of the relations 


ee = ZB; = Pt ly 


where 
—— 12 F; 
SB + 10 |F; 
and 
a cain 
I— vl b; 
12 


Here w is the step-value of the numerical integration and 6; is the value of the coefficient 
of F, Fin equations (7) and (8) for the 7th value of the independent variable. 

The choice of the step-value in the numerical integration is dictated by two conditions, 
namely, the accuracy which is desired in the integration and the steps in which the avail- 


able numerical data for the model used are tabulated. The value = 0.1 fulfils both con- 
ditions in the present calculation and hence was used throughout the integration. 


3. THE DERIVATION OF THE INITIAL VALUES AND THE CONNECTING 
VALUES AT THE CORE-ENVELOPE INTERFACE 
To obtain the two initial values necessary for the starting of the integration within the 
core of the star, we integrate equation (7) in the neighborhood of & = o by means of a 
series expansion. By the usual methods we obtain for the nonsingular solution in the 
neighborhood of the origin 


2 n+ 6 
Br ieee ? S ss 
4(2n + 3) 16(2m + 3)(2" + 5) 


I ( (3(32 + 11) 4 I )e 
12m + 42 \32(2n + 3)(2m+ 5) 240, 


tr 
Str 


(Q) 


The series (g) was used to compute F at £ = 0.3 and — = 0.4; and from there on, equa- 


tion (7) was integrated by machine in seven steps out to € = 1.1 (because of the singular- 
ity at £ = oin the coefficient of F in eq. [7] the machine integration could not be started 
closer to the center than 0.4). 

The interface between the convective core and the radiative envelope lies at £ = 1.118 
in terms of the variable € and at the point ¢ = 8.242 in terms of the variable ¢. From the 


last two values (at £ = 1.0 and & = 1.1) of the integration within the core we have to 
compute the two initial values (at ¢ = 8.2 and ¢ = 8.1) necessary for the starting of the 


machine integration in the envelope. 
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By expanding the solution of equation (7) around = 1.118 in powers of (& — 1.118), 
we obtain 


F = A’ + (& — 1.118)B’ 
+ (£ — 1.118)?[0.40002n(n + 1) — 0.67497]A’ | 
+ (€ — 1.118)3{[0.23854n(n + 1) — 0.76196]A’ f 7 
+ [0.133342(m + 1) — 0.22499|B’} +...., | 


where A’ and B’ are the values of F and dF /dé at 1.118. 
Using the tabulated values of dp/dt and U, we have, to a very good approximation, 


dp . . 
rn 6.293 — 2.338(¢ — 8.242) 


and 
U =0.119 — 0.05713(t — 8.242) — 0.2565(t — 8.242)? 
— 0.7195(t — 8.242)3. 


Substituting these values in equation (8), we find 
F=A+t+ (t— 8.242)B 
+ (t — 8.242)*[n(n + 1)(0.007360) — 0.012191]A 
+ (t — 8.242)3[{0.0024533n(n + 1) — 0.0040636} B 
— {o.00059516n(n + 1) — 0.0054318}A] } (11) 
— (t — 8.242) 4[{0.00029758n(n + 1) + 0.0027159}B 


+ {0.00061333n(n + 1) + 0.0036074} A] 





Picea es 


where A and B are the values of Fand dF /dt at ¢ = 8.242. 
From the condition that F and F must give the same values of Y and dY/dr at the 
interface, we find 
A = 8.242A’, ) 


\ 2 
B= A’ — 1.118B’. as 


A’ and B’ are obtained from equation (10) by applying that equation at § = 1.0 and 
t = 1.1 and using the corresponding values of F found from the numerical integration 
inside the core. A and B can then be calculated from equation (12). If the values of A 
and B found in this way are substituted in equation (11), we can, with the aid of that 
equation, compute Fatt = 8.2and¢t = 8.1. 

With the values of Fat these two points as starting values, equation (8) was integrat- 
ed outward to the point ¢ = 1 (r = R) in ninety steps. 


4. RESULTS OF THE INTEGRATION; COMPARISON WITH OBSERVATIONS 


The procedure described in the preceding section was gone through three times, viz., 
form = 2,n = 3,andn = 4. From the values of F thus found at the surface of the star 
we obtain the n,,(a) and therefore the k, by means of equation (3) and the relation, which 
follows from equation (2), 


nn(a@) = nat) |r = I — ce ‘ 
F dt t=1 
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Since the numerical integration yields only the values of F, the dF, dt had to be computed 
with the aid of a difference formula. 
We thus obtain 


k, = 0.00616 , 
k; = 0.00155, ? (13) 
k, = 0.000417. 


For purposes of comparison we give in the table below the values of &., k;, and k, cal- 
culated by S. Chandrasekhar® for certain polytropic models. 


Potytropic INDEX 


I I 2 { 
k, ©. 25992 0.1446 0.0741 0.0144 0.00134 
k;.. 1004 0540 0244 co308 00024 
Ry. 0 .cbo2 0.0281 0.0110 © 00140 © .00007 


It is seen from a superficial comparison of the &’s obtained from our integration with 
the values given in the table that the point-convective model with varying guillotine 
factor corresponds roughly to a polytrope with an index between 3 and 4. An accurate 
comparison of this sort can be obtained by plotting the &,’s for each value of n in the 
table against the polytropic index. From the curves so obtained one can determine the 
polytropic index which corresponds to each value of k given in equation (13). Thus it is 
found that &, for the point-convective model corresponds to a polytropic index 3.48, 
whereas k, and k, given in equation (13) correspond to indices 3.29 and 3.27, respectively. 
Because of the smallness of the differences between these indices and because of the pre- 
dominant importance of k,, it follows that the point-convective model behaves practical- 
ly like a polytrope of index 3.48. 

The results here obtained for the apsidal motion can be compared with the observa- 
tional evidence. The apsidal motion has been observed for the following eclipsing bina- 
ries: Y Cygni, GL Carinae, HV 7498, YY Sagittarii, and V 523 Sagittarii. These stars 
would show the observed apsidal motion if their components were polytropes with in- 
dices 3.02 +0.12, 3.01+0.15, 3.46+0.44, 2.83+0.20, and 3.84+0.23.’ It is seen that the 
index 3.48 calculated for the point-convective model is in fairly good agreement with 
these values. 


It is a pleasure to thank Dr. Martin Schwarzschild for interesting and helpful discus- 
sions during the course of this work. 


RUTHERFURD OBSERVATORY 
COLUMBIA UNIVERSITY 
June 1941 


6 M.N., 93, 451, 1933- 


7 Sterne, op. cit., p. 662. 
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THE SURFACE BRIGHTNESS OF THE MILKY WAY 
E. A. KREIKEN 


ABSTRACT 


From the observed numbers of stars in the Selected Areas, as given by van Rhijn, we compute the total 
amount of integrated starlight 1 (in magnitudes). There is a positive correlation between the total 
amount of integrated starlight and the observed surface brightness. For the visual observations the 
coeflicient of correlation is +-0.587, while for the photographic observations it is +0.432. 

In the lower galactic latitudes the observed surface brightness corresponding to the same value of L 
rapidly increases. By comparing the mean values for latitudes 8 < |5°| with those for the latitudes 

12°| <B < | 20°), it appears that in the lower latitudes the surface of an area with a given value of L is 
about ten times brighter than that of a surface with an identical value of Z in the higher latitudes. We 
conclude that the integrated light of the stars is not the only source from which the surface brightness of 
the Milky Way originates. Even when it is assumed that in the higher latitudes the surface brightness is 
entirely due to the diffuse light of the stars, in the lower latitudes this diffuse light only accounts for about 
10 per cent of the total. 

The distribution of the stars in space, as derived from the observed luminosity-curve A(m), depends 
systematically on the amount of space absorption. The fraction of the total surface brightness which 
originates from the integrated light of the stars rapidly decreases as the amount of space absorption in- 
creases. The increase of the observed surface brightnesses corresponding to the same value of L, as we go 
to lower latitudes, can be explained as an effect of the increase of the space absorption in the immediate 
surroundings of the galactic plane or as the effect of the increasing mean distance of the stars toward the 
lower latitudes. 


I, INTRODUCTION 


In the present article the nature of the diffuse light in the Milky Way is considered. 
Asa rule, the observed surface brightness of the Milky Way is ascribed to the combined 
light of the apparently faint stars, but there is no evidence that the light of the faint stars 
is the only source which contributes to this surface brightness. 

The amount of light which in the different galactic areas is contributed by the ap- 
parently faint stars is easily computed from the apparent luminosity-curve valid in each 
separate area. These computed values are compared with the observed values of the sur- 
face brightness. From the numerical value which is obtained for the coefficient of cor- 
relation we can decide to what extent the observed surface brightness is due to the faint 
stars and to what extent to other sources. If this numerical value turns out to be large, 
it is obvious that the influence of other sources is negligible. On the other hand, a small 
numerical value would indicate that the surface brightness of the Milky Way can be 
ascribed only partly to the light of the apparently faint stars. 


II. THE OBSERVED VALUES OF THE SURFACE BRIGHTNESS 


We shall indicate the photovisual value of the surface brightness by H, and the cor- 
responding photographic value by //,,. Only the galactic areas contained in the “‘Durch- 
musterung of the Selected Areas’ are considered. These areas are enumerated in Table 
1. For each area the number is given in the first column, while the galactic latitude and 
longitude of its center appear in the second and third columns. 

The numerical values of the observed surface brightness, 7, and Hy,, are inserted in the 
fourth and fifth columns. These values are based upon the photovisual and photographic 
data by Pannekoek,? who has presented his results in a series of charts giving the con- 


' Harvard Ann., 101, 1918. 


7 Ann. Leiden Obs., XI, Part III, 1920; Ann. Bosscha Obs., I, Part I, 1923; Pub. Astr. Inst. Amsterdam, 


No. 3, 1033 
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TABLE 1 


OBSERVATIONAL AND OTHER DATA CONCERNING THE VARIOUS GALACTIC AREAS 





| 
| Gat. | | | | 
T > | | | | | 
preeng | | Hy | Hyg | «@ | B | e@’ | 6 Fy Fog i. jes 
| Lat. Long. | 

2. | +11°| 87°! 13 | 9.8 | 0.980 | 0.412 | 1.347 | 0.457 | 0.62 | 0.63 | +0.25 | —2.35 
es | +15 | tor | 10 | 8.2 | 0.921 .396 | 1.273 | .440 62 65 | —0.78 | —5.06 

7 +19 7G. OO? psc. <2 12808 5307 | 2.270] «44% |.. 68 | —0.78 eer 
Bac sos) =e go | 27 | 15.9 | 1.265 418 | 1.608 464 67 73 | +1.05 | —0.87 
O. oO | 105 | 28 | 10.4 | 1.074 292° | 2.250 414 55 59 | —2.75 | —0.40 
iO: . +10 | 117 | 12 9.2 | 0.882 387 | 1.226 430 55 §5 | —1.37 | —2.g8 
EF... +19 58 | 11 aa 1.061 406 | 1.443] .451 : 70 | +0.25 } 
£8... ..| 6 | 167 |.24 | 23:7 | 2.386 418 | 1.558 464 59 68 | +1.00 | —0.90 
59... — 2] 78] 32 | 13-5 | 1.274 | .419 | 1.618 405 72 74 | +1.07 | —0.82 
20 | -19 | 87] 7 1.143 | .408 | 1.527 453 72 | +0.40 

21 —19 97 | 8 1.146 | A¥S | 37/530 401 70 | +0.80 

22 —16 | 108 7 1.084 414 | 1.473 460 65 | +0.68 |...... 
23 —10 | 117 | 16 | 11.2 | 1.042 416 | 1.412 462 51 57 | +0°.73 | —1.38 
24 — 3 | 120 | 14 | 10.0 | 1.038 389 | 1.357 432 51 560 | —0.95 | —2.28 
25 lise g | 292: )-24. | 13.7 | F.01g 404 | 1.348 448 52 51 | +0.10 | —4.58 
26 +14 |) 1360 | Io | 10.2 | 1.029 410 | 1.304 455 07 7O | 7-0. 2: 2.4 
38 | t19 | 42] 8 , 1.075 454 | 1.502 504 75 | 1.85 
39....-| $9 £6 | 20 | F2.5 | 1.337 431 | 1.685 478 59 70 | +1.75 | +0.60 
BOs cd oO’! .st°] 26: | 12:1 | 1.326 404 | 1.657 448 58 67 | +0.58 | —3.93 
£0... =—8 Sq | 22 | 14.1 | 1.302 434 | 1.687 482 53 67 | +1.93 | -+0.90 

es... | =a. 68 13 1.178 399 | 1.533 443 71 0.00 

43 —18 77 | 8 1.124 407 | 1.507 452 71 | +0.33 
BS......0] —801| Age] -S |e - 0.839 403 | 1.218 447 48 | —0.20 

ae aeaten 142} 10 | 10.0] 1.151 395 1.475 435 42 46 | +0.05 =—2 00 
50.. | + 6 | 149 | 28 | 14.5 | 1.145 4460 | 1.542 495 70 80 | +1.70 | +0.92 
BE. <.; +18 | 154 | 12 : 0.992 273 | 1ig45 414 73, | —3.05 

ce oe +11 28 | 19 | 11.8 | 1.346 428 | 1.2727 475 59 72 | +1.70 | +0.48 
04... . fo) 33 | 30 | 15.2 | 1.445 449 | 1.823 498 58 64 2.75 2.00 
65 b ey 41 | 19 | 12 b. 03 435 | 1.550 483 53 55 | +1.80 |] +0.45 
66.. =—26 49 | 8 1.042 436 | 1.452 483 78 | 1.20 

73 15 | 155 | 12 0.945 365 | 1.270 405 43 | —2.50 

TR ss. a 29 161 1o 5: 1.197 352 I.510 424 7° 75 —f.00 sa) Re 
75 —16'| 208 | 1s | 12:1 1.109 22 I. 500 408 45 50 | 1.35 | —0.40 
86 +16 9g] 11 1.083 453 | 1.509 503 71 | +1.95 

BT... — 3 $6.1 24. | 23.3.1 3.078 388 | 1.496 431 57 68 | —o.85 | —1.83 
88... =O 22 | 28 | 15.0 | 1.300 434 | 1.686 482 44 30 | +2.78 | +1.10 
97 —14 | 173 | 7] 9.2 | 1.079 344 | 1.385 382 48 51 | —2.05 | +1.80 
98 — 2]! 179] 20 | 13.5 | 1.399 457 | 1.819 507 81 83 | +2.65 | +1.83 
99 +12 186 | 16 1.169 442 1.562 491 8o | +1.65 
109 +17 | 352 9 °.949 ame |, F358 427 fore) 
110 + 4 | 359 9 8.9 | 0.858 3460 | 1.142 384 60 40 | —2.62 | +0.40 
III oe), 4 28 14.9 | 0.952 409 1.316 45 0.28 fole) —2.23 
122 —16 | 189 | Io 1.133 307 1.506 44! 62 | +0.03 
123 — 2] 195] 15 1.443 462 | 1.822 513 80 | +1.08 
124 +10 | 203 | 18 1.205 448 | 1.604 407 65 | +2.13 
133 +15 | 334 | 10] 9.5 | 0.871 423 | 1.247 470 oe) 
134 + 3 | 342 | 30 I. 296 73 | 1.684 525 20: | +4..23 
135 —10 | 348 | 28 I.203 445 | 1.599 494 oo : 
147 —I1 | 208 | Io 1.278 473 | 1.699 525 AS 1 -F3.33 
148 Oo | 2x3 | 28 I .439 481 | 1.833 534 00 
149 es ae | 221 | 16 [023 444 | 1.506 493 35 | +2.43 
150 +20 | 230 7 0.927 431 ¥.332 478 79 | +0.73 
156 +16 | 314 | 16 1.053 424 | 1.452 471 (ole) 
157 + 5 | 323 | 43 1.374 | 0.500 | 1.784 | 0.555 0.00 
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TABLE 1—Continued 








GAL. | 
No. OF H H ’ a n n | } 
Vv pg a B a B Fy Fog | Ly | Lpg 
AREA | 
Lat Long. | | 
158.. — 6°| 329°! 70 B. 3S (0. 48e: |e. 98e | -ausaast.. 442. COG... saad howe 
159 —18 | 334.1 25 E.1i2 490 | 1.573 544 ee 
171 —II | 225 | 12 t.48s 414 | 1.683 .460 45) “P80@) 1... 3.25. 
172 — I | 23% | 20 1.523 443 | 1.886 1492 ll EER Ponsa 
173 — 6! 236 15 I.240 446 1.637 .495 oS Er a ee 
174 +13 | 246 | 12 1.021 444 | 1.416 493 (oa Ge oo ee al Cen 
175 +17 | 256 | 10 1.084 439 | 1.497 487 7° | PE Shi pee cae. 
176 +ig | 268 | 11 1.118 429 | 1.521 476 52 | 5 en. a ee 
177 +19 | 279} II I. 201 447 | 1.621 496 33 | 2.88 |....... 
178 +15 290 | 14 1.2160 414 1.584 4600 rN FREED EET 
179 + 9 /| 299 | 21 1.218 425 1.596 472 > | Oe wera ‘peed ee 
180 + 2 | 307 | 2 1.415 40602 | 1.794 513 GEE 0 Sadie webecen, 
151 oe 313 2 © .43325 451 1.720 501 Pee era, a cance 
182 —17 | 317 | 15 1.308 457 | 1.738 507 ne re x, ee 1a) ee 
191 —18 | 239 7 1.044 416 1.435 .462 ORS hapxcanebitnae meen 
192 — € 1 247 1 23 1.485 441 1.847 .490 ; CM ba wie kdinletnee en 
193 + 2] 259 | 41 1.838 404 | 2.243 548 , 41 ROO i cee 
194 + 4] 270} 30 1.511 468 | 1.895 519 Al “Ro narts 
195 + 1 | 285 | 23 1.413 466 | 1.795 517 30:| -3:90 f..... +. 
196 = | 297 | 35 1.312 477 | ©: 737 529 40 | +3.70 
202 —19 | 256] 11 1.60 433 | 1.467 481 55 | +1.55 | Si he wat 
203 —tI1 266 | 20 0.954 | 411 I.320 450 OO ea tee ae PF eee 
204 —15 | 281 | 15 1.200 | 0.510 | 1.654 | 0.566 OSA) -PSsSR aes. ox: 





tours of the isophotes. A simple interpolation enables us to read off from these charts the 
surface brightness of any given galactic area. 

Pannekoek’s photovisual investigation covers the whole surface of both the northern 
and southern Milky Way between galactic latitudes + 20° and — 20°. His photographic 
results relate only to the northern hemisphere. Hence for the galactic areas in the south- 
ern sky Table 1 gives only the photovisual value ,. For indicating the numerical value 
of the surface brightness Pannekoek uses a scale which he considers to be a logarithmic 
one and for which he adopts a certain zero point. Therefore, this scale is comparable to 
the visual scale of stellar magnitudes. 


Ill. THE AMOUNT OF LIGHT EMITTED BY THE STARS WITH AN APPARENT 
MAGNITUDE BETWEEN THE LIMITS m = 06 AND m = 10 


Let V(m) denote the total number of stars per square degree from the brightest to 
apparent magnitude m. Then the number of stars of a given apparent magnitude m is 
equal to 

dN(m) 
A(m) = P (1) 


dm 
To the brightness of a surface the stars of apparent magnitude m contribute the amount 


dN(m) 
I(m)\dm = A(m) + 10° 4" dm = a o4amdm . (2) 
dm 
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Consequently, the total amount of light contributed by stars of all magnitudes is 


= a, —0.4m — dN(m) —0 
[= f. A(m) + 10 = t. °° 10°4dm . (3) 


For the galactic areas listed in Table 1 the observed values log N(m) are given by van 
Rhijn.3 Only the interval between m =6 and m = 16 is observed. As a rule the ob- 
served values log N(m) can be represented analytically by a quadratic formula, 


log N(m) = a + B(m — m.) + y(m — m,)’, (4) 


where a, 6, and y are coefficients to be derived from the observed distribution-curve. 
Obviously, not much weight can be attached to numerical values of a, 8, and y, which 
are based on the observed distribution of the stars in a single area. No reliable values of 
I (see eq. [3]) can be obtained in this way. 

Therefore, instead of equation (4) the linear relation (5) is used: 


log V(m) = a+ B(m — m,). (5) 


Any extrapolation of this linear relation beyond the limits of the observed curve would 
lead to serious errors. Therefore, from equation (5) we can derive only the amount of 
light contributed by stars with an apparent magnitude between the limits m = 6 and 
m = 16. 

The amount of light contributed by the star of all magnitudes together is equal to 


I m=16 
ly, = = f A(m) + 10°° 4" dm , (6) 
Foe. ” 


n=O 


where 


Total amount of light contributed by the stars with apparent 


Fy. = =" a . 
as otal amount of light contributed by the ( 

, = . (7) 
magnitude between the limits of m = 6 and m= 16 | 
stars of all magnitudes together ; 

The total amount of light from equation (6) expressed in magnitudes is 
I m=10 
Log = 2.5 log Ipg = 2.5 log F A(m) + 107°" dm. (8) 
pe Jm=6 


Van Rhijn uses the international photographic scale. Therefore, the values obtained 
from equations (6) and (8) represent the total amount of the photographically active 
light. 

To obtain the amount of visual light we proceed in the following way: According to 
van Rhijn‘ the relation between the international photographic scale and the visual 
scale is 

Mpg = My, + 0.11(m, — 0.6) + B, (9) 


3 Groningen Pub., No. 43, Table 10, 1929. 
4 Ibid., p. 5. 
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where the constant B depends systematically on the galactic latitude. For r galactic lati- 
tude o° the numerical value of B = +0.27; for 10° it is + 0. 34; and for 20° it is + 0.39. 
If we write for the visual curve 


log N’(m) = a’ + B’'(m— m,) , (10) 


we find for the relation between a, 8, a’, and #’ the equations 


a’ = a+ B(o.55 + B), (11) 


B’ = 1.118. (12) 


The amount of visual light contributed by the stars with apparent magnitudes between 
= 6 and m = 16, expressed in magnitudes, is 


I m=16 dN'(m) 
Ly = 2.5 log — = -10°°4"dm . (13) 
Fy m=6 


dm 


IV. NUMERICAL RESULTS 


In equations (5) and (10) m, was taken equal to 11. For the individual areas the 
numerical values of log V(m) were taken from the tables given by van Rhijn.s By a 
least-squares solution the coefficients a and 6 were obtained. These appear in the sixth 
and seventh columns of Table 1. Next, from equations (11) and (12) we find the values 
a’ and #’ in the eighth and ninth columns of the same table. Finally, from equations 
(6) and (13) we compute the amount of photographically active light and the amount of 
visual light contributed by the stars with an apparent magnitude between the limits 
m = 6 and m = 16. 


V. THE FRACTION F 
The numerical value of F is 
16 dN(m) 


* 10°°-4" dm 
dm 


m=+2 dN (m) 7 
- 10°°-4" dm 
>» adm 
£ 


Pye = 


=16 


A(m) + 10°°4" dm 


6 


= (14) 
(m) + 10°°:4" dm 
m= — «x 


if 2 
N(m) = LottA(m mo) +7 (m—m,) | 
\ 
} 


where 


and 


1 ( m) = 10% +b (m—mg) +c (m —mo) 
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while the relation between the coefficients a, 8, y, a, 6, and c is given by equation (16): 


a =a — log loge + log B = a+ 0.36 + log B, | 

Y iv | 

b= 6+ 2- loge = B+ 0.868 — , | 
B B 6 B B | (16) 

c=y-2 (7) log e = 7 + 0.868 (7) : 

For 6 — 0.4 we write 6, = 6 — 0.4. Formula (14) then reduces to 
hx. : 
{ e~ 2) d(hx) 

Fe ws hx, (17) 


j. e-'2)"d(hx) 
c b, es a 7 b, 
hx, = | ‘ (-s — ) and hx, = aes ° (+5 x) . 


If the coefficients a, 8, and y are known, the numerical value of F,, is obtained from 
equation (17). No weight can be attached to the coefficients a, 8, and y based upon the 
observed numbers of one area only. Therefore, instead of the directly observed vasues 
log N(m) we use the smoothed curves, which are also given by van Rhijn.’ From these we 
compute the numerical values F,, for a number of points which are evenly distributed 
over the various galactic longitudes and the galactic latitudes between + 20° and — 20°. 
The results appear in Table 2. The values F,,, valid for the individual areas of Table 2 
are obtained by simple interpolation. They are inserted in the tenth column of Table 1. 

The corresponding values F, are obtained in the same way. However, instead of the 
coefficients a, 8, and vy of the photographic luminosity-curve (eq. [15]) we use the co- 
efficients of the visual curve (eq. [18]}). 


where 


y e af )+>'(m 7 = 
N v(m) = [0% +B’ (m—m,) +7'(m—m, ‘ (18) 


where 


a’ = a+ (0.66 + B)B + (0.66 + B)?y, 
1.118 + 2.22y(c.66 + B), | (19) 


bs 
I 


Y = 1.2327. 


VI. THE CORRELATION BETWEEN THE AMOUNT OF SCATTERED STARLIGHT 
AND THE SURFACE BRIGHTNESS OF THE MILKY WAY 
From the data collected in our Table 1 we compute the Bravais coefficient of correla- 
tion R between the visual amount of integrated starlight and the observed value of the 
visual surface brightness, 
Ry, = + 0.587 + 0.084(m.e.) (number of areas = 60). (20) 
5°7 4 


~~ 
— 
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For the photographic observations the corresponding value is 


Rog = +0.432 + 0.161(m.e.) (number of areas = 26). (21) 
Although there is a positive correlation between the amount of integrated starlight and 
the observed surface brightness, the numerical value of R indicates that the integrated 
light of stars is not the only source from which the brightness of the Milky Way origi- 
nates. 
TABLE 2 
THE NUMERICAL VALUES OF Fpg AND (IN BRACKETS) Fy AS FUNCTIONS OF 
GALACTIC LATITUDE AND LONGITUDE 














| | 
° 15 tro | +5 ° —2 —5 —10 —15 —20 

° (o. <8) 10. 58(0. 64) 0.61(0. 68) 0. 27(0. 21) ©. 35(0. 30) 

10 0 61(0.71)| 0. 59(0. 68) 0. 58/0. 63) 0. 37(0. 14) — (0.71) 
20 ( .77) | .s590( .72) | .61( .68)| | .45( .42) 55( .58 

30 70( .78) i. .gst .6%) 55( .61)| .51( . 48) — ( .75) 
40 ( .78) | .59( .71)} 55( .63) | .51( .52) .61( .67) 

50 59( .71) | .58( .61) 58( .63) | .55( .6r) — ( .78) 
60 ( .7O) 59( .68)} 61( .71) ; .58( .67) -61( .71) 

70 60( .63) | .59( .68) 73( .75)} | -51( .75) — ( .78) 
Bo ( .67) | 64( .64)) 71( .64) | 70( .76) 61( 71) 

90 60( .63) | .58( .6r) 71( .72)| 59( .74) — ( .72) 
100 ( .67) 51( .55)| 59( . 61) | .70( .73) 59( .70) 
110 64( .67) } .40( .46) 60( .63) 59( .68) — ( .62) 
120 74) 55( .58) 51 52) 56( .56) 56( .60) 
130 64( .67) s2( .51) s1( .56) 43( .46) — ( .§2) 
140 30) 59( .72) 61( .68 42( . 46) 37( .42) 
150 71 70) 70( .80) 59( .73) 36( .42) — ( .50) 
160 77 72( .80) 78( .82) 59( .64) 37( .44) 
170 75( .78) | .76( .85) 81( .82) .58( .57) — ( .$9) 
180 78 72( .80 76( .85 L «390. 94) 59( .61)} 
10. °0.75( .8o) 0.64( .77) o.81( .85) 0.71( .70) — ( .64) 
sited ee ( .79) ( .64) wn 74) | 
210 ( .80) ( .32) ( .40) ( .48)} — ( .63)} — ( .58) 
20 80 ( .35) ( .00 - ( .00) 

30 97) ( .00) ( .07) ( .44)] — ( .05)]}— ( .52) 
240 78) ( .34) 00 ( .00) 
250 ( .70) ( .39) ( .00) ee) Sees Go 
260 79) ( .44 ( .30 ( .00) 
270 ( .48) ( .45) ( .30) — ( .o1)| wore = a 
280 3 06 46 ( .35) | 

290 00) 35) ( .34) ( .59) — ( .63) 
300 00) ( .00) ( .12 ( .41) ( .53)} 

310 ( .00) 00) ( .05) ( .47)] |— ( .64) 
320 00 00 ( .04) ( .08) (309 
330 { .0O) ( .00) ( .09g) — ( .03)} |— ( 57) 
340 00) ( .00 5° ( .00) ,=—¢ oa 
350 0.07) (o. 4c) (o. 48) (o.00)} |— (0.64) 
300 0.55) 0. 55(0.64) 0.61(0. 63) ©. 27(0. 21) | 0.35(0 30) | 

VII. THE INFLUENCE OF GALACTIC LATITUDE 


For the observed value of the surface brightness Pannekoek uses a logarithmic scale. 
Consequently, if the observed surface brightness was due to the integrated light of stars, 
there should exist between H and L a simple relation either of the form 


H=A+ Bi2.5log/)=A+B-L (22) 


or, if the faint illumination which is due to our atmosphere is also taken into account, of 
the form 
H=A-+ B{2.5 log 7+ £)}. (23) 


Aside from the question as to whether the true relation is represented by equation (22) 
or by equation (23) we should expect that to a given value of J there will always cor- 
respond the same value of H. 
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However, it appears that the value of H corresponding to a given value of J depends 
systematically on the galactic latitude. To prove this, the areas enumerated in Table 1 
are divided into three groups. The first group contains the areas with galactic latitudes 
B < |4°|, the second the areas with a galactic latitude |4°| < B < |12°|, while the 
third group contained the areas for which |12°| < 8 < |20°|. In each group the areas 
were arranged according to increasing values of Ly. Next, in each group the areas I-5; 





TABLE 3 


Hy AS A FUNCTION OF Ly IN VARIOUS GALACTIC LATITUDES 
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6-10, etc., were collected into one set, and for each set the mean value L, and the cor- 
responding mean value H, were computed. For the different galactic latitudes these 
mean values are given in Table 3 and are graphically represented in Figure 1. It is evi- 
dent that H, systematically increases with increasing value of L,. For the different 
galactic latitudes the mean relation between H, and L, is represented by the full drawn 
lines. In the mean an increase of 1 mag. corresponds to an increase of H, by 2.5 scale 
values. This is in good agreement with the results obtained by Pannekoek. In the lati- 
tudes {12°| < B < |20°|, however, AH /AL is smaller, especially for the lower values of 
L,. The most important point shown by Figure 1 is that the value 1, corresponding to 
the same value of L, systematically increases toward the lower galactic latitudes. 
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This shows that besides the integrated light of the stars there are other sources which 
contribute to the surface brightness of the Milky Way. Obviously, the relative influence 
of these other sources increases toward the lower latitudes. 

Over the entire interval of Z the systematic difference between the values Hy for 
galactic latitudes |8| < 4° and those valid for latitudes 8 > |12°| is at least five scale 
values of H, i.e., at least 2 mag. Consequently, if the amount of starlight is the same, the 
luminosity of the surface of an area in the lower latitudes is at least six times larger than 
that of an area in the higher latitudes. 


TABLE 4 
Hovs— Hy AS A FUNCTION OF GALACTIC LATITUDE 





r Hovs— Hv) Areas . Hobe—Hy| oF Areas 
Gr 365... +1 5 180-210 —5 | 5 
30- 60.. ' 2 7 210-240........ —5 | 3 
60- 9o.. 2 9 240-270........ +2 | 6 
QO-120.... 2 5 270-300..... +2 4 
F20-166......3.<|) “Pl 6 300-330... ° I 
150-180. . fe) 5 330-360... ° 3 
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VIII. THE INFLUENCE OF GALACTIC LONGITUDE 


From the curves in Figure 1 we read off for the various galactic latitudes the values 
H, corresponding to the different values Ly. By comparing these values H, with the 
observed values H, given in Table 1, we obtain for the individual areas the deviation 
Hoos — Hy. The areas between galactic longitudes o° and 30° were combined into one 
set and also those between longitudes 30°-60°; 60°—go°; etc. 

For each set the mean value H,,,, — Hy, was computed. These mean values are given 
in Table 4, while the numbers of areas are given in brackets. The results are graphically 
represented in Figure 2. 

The numerical value H,.,, — H, depends upon the galactic longitude. Between o° 
and 180° the deviation is positive, and a maximum is reached at about \ = go’. At 
\ = 180° a rapid decrease sets in. A minimum is reached at about \ = 210°. Then 
Ho», — Hy increases again. A secondary maximum is found at +270°; a secondary 
minimum at about A = 330°. 
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IX. THE EXCESS OF THE SURFACE BRIGHTNESS 


Let Py denote the total amount of visual light, and P,, the total amount of photo- 
graphic light as emitted by the stars of all magnitudes contained in unit volume of space, 
when the space density D(R) = 1. Thus, 


P=N f " Q(M) 104d (24) 


N is the total number of stars per unit volume when D(R) = 1. 

We consider a volume of space having a solid angle w whose distance is between R 
and R+ dR. The total amount of light emitted by the stars in this space volume is 
equal to 


w+ R?-dR+P+D(R). (25) 


Let w, be an angular surface very near the observer and let us suppose that w = w,; 
then, if there is no space absorption, the fraction of the total amount which will be 
transmitted by w, in the direction of the observer is 


w-R?-dR-P-+dR- a (26) 


The total amount of light transmitted through w, in the direction of the observer is 


equal to 
uP icing 
Q= { D(R)dR . (27) 


47 JR=o 


If there is an absorption in interstellar space, only a fraction of the amount in equation 
(27) will directly be transmitted by w,, this fraction being equal to 


wP ce-= ; 
0, = J D(R) + fi(R)dR. (28) 


47 JR=o ‘ 


Here the function /,(R) accounts for the absorption in interstellar space. If this absorp- 
tion is uniform, we have 


f(R) = e-KR, (20) 


An additional quantity of light, Q., will be transmitted through w, either after a number 
of reflections or after having been absorbed and re-emitted by the cosmic material in 
interstellar space; hence, 


wP (R= . 
0, = f D(R) + f.(R) + dR. (30) 


: 47 JR=o 


For the present only a simplified problem is considered. It is supposed that (a) the 
density function is the same for all directions, (6) the distribution of interstellar material 
is the same for all directions, and (c) the distance between the surface w, and the ob- 
server is so small that it can be neglected. If these conditions are fulfilled, equation (30) 
also represents the integrated amount of light coming from all space directions, which 
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after a number of reflections or re-emissions is transmitted by the surface w, in the direc- 
tion of the observer O. Of the total amount of light in equation (27) a third part, Q,, is 
definitely absorbed and transformed into another form of energy. 

The excess Am of the total surface brightness of a given area over the brightness 
which arises from the light of the stars is 


Am = 2.5{log (QO, + Q.) — log Q,} = 2.5 log (0, + Q.) — L. (31) 


X. EVALUATION OF Am 


No data are available which would enable us to compare the quantities Q, and Q. 
Consequently, the numerical amount of Am, which may be anticipated in various cases, 
can only be estimated. At present the term Q, is entirely neglected, i.e., we put 


il tte (32) 


and 
Am = 2.5 (log Q — log Q,) . | 


In the actual computation we write for Q and Q, 


Q = D(R}) - (R: — Ro) + D(Ri) > (R. — Bi) +.... (33) 
+ MRD Ob ~ Raay..«<5do 
0, = D(R{) + (Ri — Ry) + e-®®i + D(R!) + (R: — Rj) + eK (34) 
+.... DR «G-RjS..... TP 
where 
log Ri = —@; log R, = 2.1; log R, = 2.3; log R; = 2.53... 


log Ri = 2.0; log R} = 2.2; ee) eee 


From these relations we compute for the lower galactic latitudes the values of Q and Q,. 
The values D(R) of the density-curve are taken from the analysis of star counts in low 
galactic latitudes by B. J. Bok.° The three density-curves of the table correspond to the 
same set of values A(m). Bok has used different assumptions concerning the numerical 
amount of the (uniform) space absorption: 0.4 mag. per kiloparsec, 0.6 mag. per kilo- 
parsec, and o.8 mag. per kiloparsec. From the observed distribution-curve A(m), the 
densities for distances larger than 10,000 or 6,300 parsecs could not be determined. How- 
ever, it appears that an important fraction of the total amount of light may originate in 
these distant shells. On the other hand, for Q, three almost identical values are obtained. 
Q, represents the total amount of starlight which is actually observed, and therefore it 
is entirely determined by the observed distribution-curve A(m). For a uniform space 
absorption of 0.4, 0.6, 0.8 mag. per kiloparsec the excess of surface brightness is found 
tobe Am = 1.61, 1.75, or 2.36 mag., respectively. Obviously, these are minimum values. 
We conclude that the excess in surface brightness of a given area over the brightness 
which would result from the integrated light of stars, depends systematically upon the 
amount of space absorption. It increases with the larger values of the absorption. 


6 Harvard Circ., No. 371, Table IX, p. 22, 1932. 
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The excess in surface brightness also depends systematically upon the distribution of 
the stars in space, i.e., upon the density-curve D(R). From the computations we con- 
clude that, if the space absorption remains constant, the excess increases also with in- 
creasing values of the total amount of integrated starlight. 


XI. EXPLANATION OF THE INFLUENCE OF GALACTIC LATITUDE AND LONGITUDE 


In section VII evidence was given that the observed surface brightness /7{, cor- 
responding to the same total amount of integrated starlight, increases systematically 
with decreasing galactic latitude. From this we concluded that in the lower latitudes the 
observed surface brightness is several times larger than the brightness which originates 
from the stars. This remains the case even when it is supposed that in the higher lati- 
tudes the surface brightness is due to the light of the stars only. Qualitatively, the ob- 
served excess of the surface brightness in the lower latitudes is completely explained by 
the results of the preceding sections, where it was shown that the numerical amount of 
the excess depends systematically both on the amount of space absorption and on the 
distribution of the stars in space. 

Therefore, the increase of the excess in the lower galactic latitudes can be explained as 
either the effect of the increase of the absorption in the immediate surroundings of the 
galactic plane or the effect of the increasing mean distance of the stars with the lower 
latitudes. 


SOERABAJA 
Dutca# East INDIES 
October 1940 

















THE 





A SPECTROPHOTOMETRIC STUDY OF 
THE NIGHT SKY! 


LIGHT OF 


H. W. BABCOCK AND J. J. JOHNSON 


ABSTRACT 


A spectrophotometric comparison of the night sky and M 31 shows that the night sky is relatively 
much stronger than the nebula in ultraviolet light and suggests that for nebular photography improved 
contrast may be obtained by the use of a filter to remove ultraviolet light. 

An extensive series of intensity measurements of night-sky radiations shows that no marked varia- 
tions may be expected within a single night, in the absence of polar auroras, but that on occasional nights 
the sky is extraordinarily bright, thus greatly reducing the efficiency of direct photography. If periods of 
unusual activity are excepted, \ 5577 and the red pair of lines at \ 6300 and A 6364 seem to vary ina com- 
plementary fashion throughout a given night, but over longer intervals all radiations tend to vary 
similarly and together. 


The purpose of this investigation was to study the effect of night-sky radiations on 
direct photography of nebulae with large reflectors. It consists of two parts: (1) a 
comparison of spectral energy distribution in the light of the night sky and in the 
Andromeda Nebula (M 31), and (2) a series of intensity measurements of night-sky 
radiations, by means of standardized spectrograms, covering the greater part of a year. 

All spectrograms were taken on Palomar Mountain with a one-prism quartz spectro- 
graph fitted with an f, 1 Schmidt camera. This combination had a dispersion of about 
1100 A mm at //y. All exposures were made on Agfa Superpan Press film, and develop- 
ment was carried out under standard conditions. On each film, along with the spectrum 
of the night sky or of the nebula, eight spectra of a standard lamp were recorded, all 
with identical exposure times of 30 seconds but with the slit width increased by a factor 
of 2 for successive exposures. The standard lamp was one of three that were intercom- 
pared, and it was operated at a constant voltage. Through the courtesy of Dr. A. S. 
King, of the Mount Wilson Observatory, the color temperature of the lamp was found, 
by means of measurements with an optical pyrometer, to be 2580° K. 

For comparison of the night sky and the Andromeda Nebula the spectrograph was 
attached to a 12-inch Cassegrain retlecting telescope, where two reflections from alumi- 
nized mirrors were introduced. Spectra of M 31 were obtained in 1 hour for the visual 
region and somewhat longer for the ultraviolet region. With the spectrograph on the 
telescope, well-exposed spectra of the night sky, extending into the ultraviolet (to about 
\ 3300) were obtained in 12 hours. For these night-sky exposures the telescope was not 
driven but was pointed to the mean altitude of the corresponding nebular exposures. 

Spectrograms were studied with the aid of microphotometer tracings made at the 
Mount Wilson Observatory. Tracings of the night-sky spectrum and of the eight cali- 
bration spectra on each negative were made together on one sheet, all tracings being in 
registration in wave length. It was thus a fairly simple matter to plot spectral intensity 
of the night sky and of M 31, as compared to the standard lamp. 

Figure 1 shows the intensity-curves resulting from these reductions. The data are 
from a spectrogram of the night sky taken on September 15 and 16, 1939, with an ex- 
posure time of 10 hours, and from a spectrogram of M 31 made on September 13, 1939, 
with an exposure time of 1 hour. The results for the extreme ultraviolet portion of the 
spectrum of M 31 were supplemented by another plate having an exposure time of 6525", 
taken on July 19 and 20, 1939. The extreme red ends of the curves are not particularly 


' This investigation was carried out with the aid of a grant from the American Philosophical Society. 
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reliable, owing to the very low dispersion. The curve for M 13 has not been corrected for 
the comparatively weak night-sky spectrum superposed on it. Since the exposure times 
for the two types of spectra are different, the relative levels of the two curves in the 
figure are not significant. Actually, if corrections for slit width and exposure times had 
been applied, the curve for the nebula would be some twenty times stronger than the 
curve for the night sky. This, however, is for the central region of M 31, which has un- 
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Fic. 1.—Spectral-energy distribution for the standard lamp at 2580° K (dots), the night sky (solid 
line), and M 31 (dashed line). 


usually high surface brightness among nebulae; and the significant point is that, as one 
considers fainter nebulae of about the same color, a surface brightness will be reached 
where, in the ultraviolet, the nebula is fainter than the night sky. This effect may be- 
come prominent to the violet of \ 4000, and it increases with zenith distance, owing to 
atmospheric reddening of the nebulae and to increased night-sky brightness at low alti- 
tudes. Hence, for the photography of faint nebulae it would seem advantageous to filter 
out the ultraviolet light, so that increased contrast might be obtained. Naturally, the 
situation might be altered for those rather rare examples exhibiting particularly bright 
\ 3727 radiation.? Apart from the ultraviolet, the red [O 1] lines at \ 6300 and \ 6364 


2N. U. Mayall, Lick Obs. Bull., No. 497, 1939. 
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and the well-known yellow-green line, \ 5577, are responsible for a large fraction of the 
background fog that limits direct astronomical photography with panchromatic plates; 
for this there appears no obvious remedy other than the use of emulsions of a more 
limited range of sensitivity. 

As a by-product of this investigation it is possible to derive rough color temperatures 
for the night sky and M 31. The color temperatures were computed from the ratios 
of the energy-curves (Fig. 1) for the night sky and M 31 to the energy-curve for the lamp 
at five different wave lengths between A 4100 and A 6000. The ratios for M 31 were cor- 
rected for atmospheric reddening by using the data of the Smithsonian Physical Tables 
for Mount Wilson, which has very nearly the same altitude as Palomar Mountain. 
Differences in gradient for the two curves were computed graphically, following the 
methods of the Greenwich observers. The resulting color temperatures are 3450° for 
the night sky, where no account is taken of the ultraviolet bands or of the strong mono- 
chromatic radiations, and 3650° for M 31, corrected for atmospheric reddening. This 
latter correction is large and rather uncertain, as the zenith distance of the nebula at the 
time of the observations was unavoidably great—about 70°. This may partly explain the 
difference between our result for M 31 and the results of others. Greenstein,‘ for ex- 
ample, obtained 4200°. Other effects in our work for which no correction has been made 
are the two reflections from the aluminized mirrors of the telescope that was used in 
photographing the spectra of the nebula but not of the standard lamp, and the fact that 
the exposure times for the nebula were of the order of hours, while the calibration spectra 
had exposure times of 30 seconds. 

An extended series of some fifty calibrated spectrograms of the night-sky light was 
made to determine the range of change of intensity of the various radiations and to ob- 
tain, if possible, new information concerning the relative changes of these radiations 
with respect to one another. For this series the telescope was not used. The spectro- 
graph was pointed to the sky at a fixed altitude of about 30°, and to the south, in order to 
avoid the effects of transient auroras. Exceptions were made when the spectrograph 
would have been pointing at the Milky Way; in such cases the Milky Way was avoided, 
but the instrument was still pointed in a generally southern direction. This series of ex- 
posures was commenced on September 14, 1939, and continued to September 6, 1940, 
but with the omission of April, May, and June. Exposures were made as frequently as 
possible, when the moon was not in the sky. Most of these plates had a standard ex- 
posure time of 3 hours; but, in order to obtain the weaker ultraviolet features with 
greater density,a number of 10-hour exposures were likewise made at intervals. Plate VII 
is an enlarged reproduction of one of these. 

These spectrograms were examined for the intensities of the red group at \ 6300, 
\ 6364, the green line at \ 5577, the D lines of sodium, the ultraviolet bands, and the 
continuous spectrum. Since each film had its individual calibration spectra, it was 
possible to make good visual estimates of the intensities of the spectral features; and 
these were confirmed, in most cases, by microphotometer tracings. The ratios of the 
calibration spectra were 5, 10, 20, 40,...., 640; and the intensity of each line is given 
as compared to the intensities of the calibration spectra at the approximate wave 
length of the line in question. The ultraviolet bands, however, were compared to the 

calibration spectra at \ 4500. 

In order that the results might be plotted together, the intensities deduced from the 
10-hour exposures were divided by 3, and they were then plotted with the intensities 
measured on the 3-hour exposures (Fig. 2). This procedure was judged permissible for 
this work, since high precision was not the aim and since some allowance was thereby 


3 Observations of Colour Temperatures of Stars, 1926-1932, Royal Observatory, Greenwich. 


1A p. J., 88, 605, 1938. 











274 H. W. BABCOCK AND J. J. JOHNSON 


made for reciprocity failure of the emulsion. The individual points in the graphs have 
been joined by straight lines, but for convenience the results may be referred to as curves, 

A general similarity in the activity of the red group, \ 5577, and the D lines will be 
noticed. However, \ 5577 was unique in reaching a high peak on October 15. All three 
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Fic. 2.—Intensity measurements of night-sky radiations observed between September 14, 1939, and 
September 5, 1940. The monthly mean numbers of sunspot groups are given at the foot of the graph. 
curves reached a peak on November 9, followed by a very sudden decline; and they 
suffered several other variations incommon. Although there are minor discordances, the 
indication is that from day to day, or over longer intervals, the measured radiations tend 
to rise and fall together in intensity in response to some common stimulus, and that 
complementary variations, when present, are secondary in nature. 

Our observations give no particular evidence for a seasonal effect, but they do not 
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exclude the possibility that the generally increased activity in October and November, 
1939, may be seasonal. The mean monthly sunspot numbers from the published observa- 
tions of the Mount Wilson Observatory® have been given at the foot of the graph in 
Figure 2. There appears to be no marked correlation between this measure of solar 
activity and intensity of night-sky radiations, but the highest peaks of the curves do 
follow a period when the sunspots were particularly numerous. 

The maximum range in intensity for the period of these observations for the green 
auroral line is about five to one; for the red group the range is about the same. The D 
lines changed fully as much, but the results are not quite so certain, owing to the well- 
known high intensity of these lines near dusk and dawn. On August 27, 1940, the D lines 
were so weak as to be invisible on the spectrogram. The ultraviolet bands did not vary 
as much as did the other spectral features. Intensity variations of the continuous spec- 
trum were no greater than could be accounted for by varying amounts of starlight enter- 
ing the slit during the different exposures. 

In connection with the effect of starlight on the night-sky spectra, one incidental 
observation may be mentioned. For one 3-hour exposure the spectrograph was pointed 
in such a way that the constellation of Orion crossed its field of view. On the spectrum 
of the night sky is superposed a strong continuous spectrum showing hydrogen lines in 
absorption and resembling that of an A-type star. 

Several observers have previously investigated variations occurring in the night-sky 
spectrum within a single night. A common result has been that A 5577 increased in in- 
tensity during the first hours of the night, reaching a maximum toward midnight, and 
then decreased until the end of the night. Our data on variations within a single night 
are quite limited, but, as far as they go, they tend to confirm the above conclusion. 
Three 3-hour exposures on the night of September 14, 1939, indicate that \ 5577 was 
stronger in the middle part of the night but that the red lines \ 6300 and A 6364 behaved 
ina complementary fashion, being weaker in the middle of the night and stronger at the 
ends. The same tendency was noted in a series of 1-hour exposures taken on December 2, 
1939. The red lines became definitely weaker as the green line grew stronger, toward 
midnight. All these short-period variations were relatively small, being less than 50 
per cent. As for the D lines, scarcely any measurable changes were noted in any one 
night, with the exception of the dusk and dawn flashes. 

On November 9, 1939, all radiations were exceptionally strong, the D lines were fully 
as bright as \ 5577, and all increased in intensity throughout the night. Again the in- 
crease was of the order of 50 per cent. Similar behavior was found two nights later, 
although all radiations were somewhat weaker. This is in line with the findings of J. V. 
Karandikar’ in India, who noted that when the variations of intensity are abnormally 
great, they are similar for different spectral regions. An exception, among our observa- 
tions, is the unusually high intensity of \ 5577 on October 15, 1939, which was not 
duplicated by any other features. 
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* Since this was written our attention has been called to a similar observation by Elvey, Swings, and 
Linke, occurring on November 16 and 19, 1938 (AP. J., 93, 337, 1041). 


7Ind. J. Phys., 8, 547, 1934. 








A SEARCH FOR PHOSPHORUS COMPOUNDS IN THE SUN 
a BOOTIS, AND 6 PEGASI 


DOROTHY N. DAVIS 


ABSTRACT 

The presence of P,, PN, and PO cannot be discussed, because the strongest bands lie beyond \ 2800, 
No considerations, either physical or statistical, support Nicolet’s conclusion that there are PH lines in 
the solar spectrum. Existing material for a Bootis definitely does not support the conclusion that PH js in 
thisstar. The analysis of coincidences with lines in the spectrum of 8 Pegasi has failed to yield favorable 
evidence for the presence of PH. Although measurements of the CP band which should be strongest in 
absorption are not available, the coincidences of solar lines with lines of the (2, o) and (0, 1) bands show 
that CP may be present in the sun. Until better solar and sunspot plates have been measured, the pres- 
ence of phosphorus compounds in the sun must be regarded as an open question. 


Of the five known diatomic compounds containing phosphorus, three (P.,! PN,? and 
PO) have their principal bands in the inaccessible region beyond X 2800. The bands of 
PH and CP lie well inside the ultraviolet limit and will be discussed in this paper. 

The band spectrum of phosphorus contains also a group of bands between \ 3241 and 
\ 3587, known as “‘Geuter’s A bands,’’4 and a group of faint green bands. One of the 
ultraviolet bands has been attributed to PH/.5 The emitter of the rest of the bands may 
be PH® or PO’ or both. In any case, they do not appear to be of astrophysical impor- 
tance. 

l. Pf 


THE OBSERVATIONAL MATERIAL 


The complex spectrum of PH has been studied extensively by Pearse,’ Ishaque and 
Pearse,* and Nolan and Jenkins.’ More than 275 lines in the (0, o) band at \ 3400 have 
been measured and found to form 27 branches. Of the 9 main branches produced in the 
311, 5Y transition, the Q branches are strongest, while the fainter P and R branches are 
nearly equal in intensity. 

According to M. Nicolet,'° a large proportion of the PH lines fall near faint solar lines, 
most of which had not previously been accounted for. Several strong P# lines are, how- 
ever, missing. For various reasons it has seemed advisable to re-examine the material. In 
addition, measurements of the spectrum of 8 Pegasi (M 1) are now available, thanks to 
Dr. Adams, who very kindly loaned the writer excellent plates taken with the coudé 
spectrograph of the Mount Wilson Observatory. The dispersion is 2.9 A/mm, and the 
spectrum can be followed with ease to \ 3400. 


tG. Herzberg, Ann. d. Phys., 15, 677, 1932; M. Ashley, Phys. Rev., 44, 919, 1933. 

2 J. Curry, L. Herzberg, and G. Herzberg, Zs. f. Phys., 86, 348, 1933. 

3A. K. Sen Gupta, Proc. Phys. Soc., 47, 247, 1935. 

4P. Geuter, Zs. f. Wiss. Phot., 5, 1, 1907. 

SR. W. B. Pearse, Proc. R. Soc., 129, 328, 1930. 

6. B. Ludlam, J. Chem. Phys., 3, 617, 1935. 

7K. Rumpf, Zs. Phys. Chem., B, 38, 469, 1938. 9 Phys. Rev., 50, 943, 1936. 


8 Proc. R. Soc., A, 173, 265, 1939. 10 [iége Pub., No. 205, 1937. 
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SEARCH FOR PHOSPHORUS COMPOUNDS 277 


COMPARISON OF OBSERVED AND CHANCE COINCIDENCES 


Before considering the physical factors involved, it is instructive to compare the ob- 
served coincidences with the number which may be expected to occur by chance. The 
total number of classified and strong unclassified PH lines available for the investigation 
is 279. This figure is larger than Nicolet’s because he excluded from his discussion some 
sixty PH lines which are no fainter than the ones which he included. Using the method 
introduced by Russell and Bowen," the number of chance coincidences of laboratory 
lines with solar lines has been calculated. This quantity is given by the formula 


C= v(, - Page ‘ 


where .V is the number of solar (or stellar) lines in the wave-length interval J, M is the 
number of lines being investigated for coincidence in the interyal [, and «x is the size of 


TABLE 1 


COMPARISON OF PREDICTED CHANCE COINCIDENCES WITH OBSERVED COINCIDENCES FOR PH 





A. Sun B. Sun C. Sun D. Sun 
Residual AA 3371.2-3471.0 AA 3371.2-3475.8 AA 3371 2-3475.8 AA 3371.2-3475.8 
N=826 N=869 N=869 N=6o01 
M = 208 M=2790 M = 239 M= 196 
G O G O c O Cc O 
+0.026-0.035 A.... 30 33 39 43 35 30 26 28 
o10 025 32 35 : 45 37 39 27 33 
+0.006-0.015 33 53 44 54 37 47 28 29 
€<o0.005 A 17 21 23 22 20 22 | 15 18 
E. Sun F. B Pegasi G. B Pegasi 
: AA 3371.2-3467.4 AA 3302.4-3475-7 AA 33906.0-3467.4 
Residual ‘ d 
V=799 N=240 N=220 
M= 61 M = 213 M= 70 
Cc O G O € O 
to.036-0.045 A.. 9 9 10 11 4 4 
C20— O95... 9 5 10 10 5 3 
O1O— .025. . 11 11 11 16 4 7 
rO.000-0.015.. 10 12 13 14 4 2 
<0.005 A. ... 5 4 5 7 2 4 


the coincidence in angstrom units. To obtain O, the observed number of coincidences, 
the residuals in wave length were grouped according to the intervals: < +0.005, +0.006- 
0.015, +0.016-0,.025 A, etc., corresponding to « = 0.005, 0.015, 0.025, etc., respectively. 
The computed and observed numbers of coincidences are collected in Table 1. The prob- 
able errors of the computed chance coincidences vary from 15 per cent at x = 0.005 to 
6 per cent at x = 0.035. For smaller numbers of N in parts F and G of the table the prob- 
able errors are correspondingly larger. 

The calculations have been carried out for three different sets of restrictions. The 
figures in Table 1, A, represent the results for the lines chosen by Nicolet. In Table 1, B, 
the figures pertain to counts including all the classified and strong unclassified PH lines 


™ Ap. J., 69, 196, 1920. 
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observed by Pearse. If one excludes the unclassified lines and lines in the six faintest 
satellite branches, one obtains the results in Table 1, C. Only the figures in Table 1, A, 
show any appreciable preponderance of O over C. The material which yielded the results 
in Table 1, C, differs from Nicolet’s by the inclusion of the R,; branch and higher mem- 
bers of the stronger branches, and the exclusion of a very faint satellite branch, °Q,,. 
If any selection is to be made, this would appear to be the best. It is easily seen that the 
introduction of physical considerations to obtain the figures in Table 1, C, make little, if 
any, significant improvement over the results obtained when all the lines are included, 
For the smallest residuals, no amount of discrimination makes much difference. The 
number of coincidences for « = 0.005 is very nearly equal to the predicted number in all 
three cases and within the statistical probable errors of the chance coincidences. This 
fact alone arouses considerable doubt whether any of the coincidences are physically sig- 
nificant. Finally, the excess of O over C for large values of x is rendered practically mean- 
ingless by the precision of laboratory and solar measurements. Residuals greater than 
+ 0.025 probably should not be tolerated, even for such faint lines, nor can it be said that 
the residuals follow anything but a random distribution. 

The basis of Nicolet’s choice of material is not altogether clear. The exclusion of sev- 
eral lines arising in higher rotational levels” indicates that intensity in the laboratory 
spectrum may have been one criterion. Another criterion of exclusion was evidently the 
classification of the lines. Ten of the excluded lines belong to the R, branch, which is one 
of the main branches. Other classified lines which he excluded constitute five faint satel- 
lite branches, while one equally faint satellite branch was included. 


PHYSICAL CONSIDERATIONS 


The most obvious hindrance to unequivocal identification is masking by strong atomic 
lines. A solar line of intensity 1 can effectively prevent the detection of a very faint line 
within a few hundredths of an angstrom of its core. To take fullest account of masking, 
let the number of solar lines in the interval be reduced by the number whose intensities 
are >1. The wave-length interval must be correspondingly reduced. If we arbitrarily 
adopt +o.o5oAas the average extent of the obscured region on either side of a strong line, 
each line will subtract o.100 A from the interval. Pairs of strong lines closer than 0.100 A 
subtract less than 0.200 A and have been properlyaccounted for. In all, there are 268 solar 
lines which obscure a total of 25.718 A. A Russell-Bowen analysis of the resulting ma- 
terial is given in Table 1, D. The number of observed coincidences was reduced by the 
number of PH lines which are obscured by the strong solar lines already excluded from 
the discussion. Since (O—C) is small and equal to the probable error for x = 0.005 and 
0.015, it is evident that removal of masking influences does not alter significantly the 
random distribution of the residuals. 


INTENSITY CORRELATIONS 


In making solar or stellar identifications, one must not lose sight of the individuality 
of the lines. Every line deserves careful scrutiny. An important property of a line is its 
intensity. To investigate the nature of the intensity distribution of the supposed PH 
lines in the solar spectrum, the intensities were arranged according to branch and 
quantum number. Interpretation of such an intensity chart is hindered by the low and 
inaccurate values of the solar line intensities. After carefully inspecting the chart of in- 
tensities, one cannot honestly say that any correlation exists between solar and labora- 
tory intensities or with theoretical intensities computed for the sun’s temperature. 
Furthermore, the 30 absent lines are scattered at random. 


12 As will be shown in the next section, these are the lines which should be strongest in the solar 
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SEARCH FOR PHOSPHORUS COMPOUNDS 279 

A quantitative investigation of the intensities of PH lines makes it appear still more 
doubtful that the observed coincidences are real. Under equilibrium conditions the in- 
tensity of a molecular line in the (0, o) band observed in absorption is 


T = Cvie PO" 
where C is constant for a particular band; 7, the intensity factor, is proportional to the 
transition probability and the statistical weight of the initial state; and F(J"’) is the 
rotational energy in the initial state. In the simplest case, neglecting spin, F(J’’) is 
given by BUR (K +1) + Di’'R'(K” + 1)? + ...., where Bi’ and D2’ are rotational 
energy constants. Dj’ is only —4.3X10~4cm™ for PH and may be neglected in the com- 
putation of three-place Boltzmann factors. Likewise, the spin-coupling constant for the 
3Y state, —0.078 cm‘, is so small that splitting of the lower levels may be neglected at 
stellar temperatures.'3 The factor v varies little over the small interval investigated and 
has been neglected. 

Bud6o’s formulae’ for intensity factors in intermediate coupling cases were used. The 
computed values for PH are in excellent agreement with the observed values.’5 In order 
to obtain /’s which correspond to the same total number of molecules at all temperatures, it 
was necessary to compute the partition functions. These are given by 


(oJ A re PUAT 2 (oJ + r)eF kT 
tea ~ RT /hcBi 
NX (2J” 4+ re F(J”) /kT . 

se % 

J"=o 


The approximation, found by Mulholland," yields a discrepancy of 2 per cent at 700° 
and only 0.8 per cent at 2000°. 

Because both the partition functions and the z-factors contain the statistical weight of 
the initial state, it is necessary to divide the products by 2J’’ + 1. The resulting curves 
for the R,, Q;, and P branches at 700° and sooo” are given in Figure 1. Curves for the 
other six main branches have been compu ‘ed but are not published. The curves for 700° 
are of interest because they correspond approximately to the equilibrium temperature 
prevailing in the laboratory sources used by Pearse and Nolan and Jenkins. At stellar 
temperatures, however, the intensity maxima fall near or beyond the limit of the ob- 
servations (indicated by vertical lines in the plots). The satellite branches would un- 
doubtedly disappear at stellar temperatures because of the spin-uncoupling at higher J- 
values. This causes their7-factors to decrease after J = 8. It isevident that the abundance 
of PH molecules would have to be very large in order to make the known lines observable 
in solar or stellar spectra. It would be difficult to estimate accurately the effect of the 
variation in the abundance of PH with temperature and pressure in stellar atmospheres. 

All lines whose intensities would be greater than the most intense P, lines at 4000° K 
have been selected for final study. There are 61 such lines, six of which are masked by 
strong identified solar lines. Seven are completely absent from the solar spectrum. The 
average residual is +0.028 A, and the sum of the residuals is nearly zero. Finally, the 
distribution of the residuals can be explained entirely by chance. This is shown in Table 
1, E. 


"3 Using Kramers’ expressions (Zs. f. Phys., 53, 422, 1929) for the spin-splitting, it is found that the 
splitting is only 3.0 cm~' for K = 30, the limit chosen for the computations. 
14Zs.f. Phys. 108, 581, 1937. 


's Nolan and Jenkins, op. cit.; Bud6, op. cit. © Proc. Camb. Phil. Soc., 24, 80, 1928. 
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PH .N a BOOTIS OR B PEGASI? 


Ten lines on the low dispersion spectrograms of a Bootis which were measured by 
R. W. Shaw"’ have been attributed to PH by Nicolet. There is no doubt that Dr. Nicolet 
is mistaken here. The writer’s measurements of coudé plates for 8 Pegasi show clearly 
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Fic. 1.—Theoretical relative intensities of PH lines at 700° and 5000° 


that all the unidentified a Bootis lines singled out by Nicolet are complex blends of 
atomic lines. Equally fine plates for a Bootis would have to be measured before identi- 
fication of PH lines can be seriously attempted. 

Theoretically,'® the abundance of PH molecules must be greatest between classes K5 
and Mr. Excluding the six faintest satellite branches and the unclassified lines, there are 


17 Ap. J., 83, 225, 1936. 
18M. Nicolet, Mémoires de la Société royale des sciences de Liége, 2 (4th ser.), 1937. 
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213 PH lines in the region available for study in 6 Pegasi (M 1). The results obtained in 
a Russell-Bowen analysis are given in Table 1 F. The observed residuals follow closely 
the predicted distribution. The precision of the stellar wave lengths may be judged from 
the size of the probable error of a single observation, +0.008 A, which has been derived 
from a study of unblended atomic lines in this region of the spectrum. For faint lines the 
probable error is probably larger. 

If lines coinciding within + 0.035 A are carefully examined, it is found that at least 19 
fall on masking atomic lines and 16 fall near stellar lines which cannot be definitely 
accounted for. If it were not so evident that the residuals follow a chance distribution, it 
would be tempting to assign these 16 lines in the spectrum of 6 Pegasi to PH. 

To complete the investigation, the lines which should be strongest between 2000° and 
3000° have been examined. The results of a Russell-Bowen analysis of this material are 
contained in Table 1, G. The theory of chance coincidences again predicts with re- 
markable precision the observed distribution of residuals. 


m. CF 
The spectrum of CP has been observed and analyzed by Bairwald, G. Herzberg, and 
L. Herzberg.'? The (0, o) band of the 72, 72 system was not measured because it was too 
TABLE 2 
COMPARISON OF PREDICTED CHANCE COINCIDENCES 
WITH OBSERVED COINCIDENCES FOR CP 


A. (2, 0) Band | B. (0, 1) Band 
ae ae AA 3273.9-3311.3 Ar 5012 7-3699.3 
N = 303 N=6095 
M=139 M = 213 
& O € O 
+0.036-0.045 A. 17 15 28 33 
020 035 19 16 20 2 
o10 025 19 22 31 33 
FO .000-0.015 21 27 32 460 
€<o0.005 A iI 18 18 22 


close to the complex (0, o) band of PH which appeared on the same plate. Because of the 
relative position of the potential curves, the (1, 0) and (2, o) bands would be stronger in 
absorption than the (0, o) band.”? Measurements of the (1, 0) lines were not published, 
leaving only the (2, 0) band at A 3274 for the present investigation. This band is, unfor- 
tunately, far in the ultraviolet, where the wave lengths of solar lines are admittedly less 
precise. 

A Russell-Bowen analysis of coincidences with the 139 lines in the (2, 0) band gave the 
results contained in Table 2, A. There is an excess of observed residuals, but it is not 
impressive enough to justify a statement that CP is definitely present in the sun. The 
intensities of apparently unobscured lines are — 2 and —3, only two being as strong as 
—1. These latter are the R(18) and P;(30) lines, while the intensity maximum for 
equilibrium at 4600° would theoretically be at K = 45. 

Coincidences of solar lines with the (0, 1) band lines at \ 3612 were studied by 
Nicolet,?' who claimed that 85 per cent of the lines are in good coincidence with solar 


19 Ann. d. Phys., 29, 569, 1934. 
20 This was pointed out by Dr. Herzberg in a private communication. 


1 Liége Pub., No. 236, 1937. In this paper Nicolet erroneously stated that the CP spectrum originates 
ina 'd, 'Y transition. 
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lines. Actually, only 59 per cent of the lines fall within + 0.035 A of solar lines. In spite 
of the fact that the (0, 1) band should be weak in absorption, the observed coincidences 
exceed the predicted chance coincidences, as is shown in Table 2, B. 

According to Nicolet, CP molecules would be less numerous in M stars. The (o, 1) 
and (0, 3) bands are the only CP bands in the observable region of the spectrum of B 
Pegasi for which laboratory measurements are available. No striking coincidences of 
(o, 1) lines with stellar lines.were found. 

A decisive settlement of the question of CP must rest partly upon measurements of the 
(1, 0) band. As is also true for PH, measurements of the sunspot spectrum and the 
spectrum of a Bootis in the ultraviolet would be of great value. 


The writer gratefully acknowledges the helpful suggestions and comments made by 
Dr. Herzberg while this paper was in preparation. The writer has greatly appreciated 
Dr. Russell’s kind interest in this work. 

UNIVERSITY OBSERVATORY 
PRINCETON UNIVERSITY 
PRINCETON, NEW JERSEY 
May 1941 
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THE OPACITY AND CONTINUOUS EMISSION OF 
THE ATMOSPHERE OF y CASSIOPEIAE 


RALPH B. BALDWIN 


ABSTRACT 


Changes of the emission and absorption contours of //é in the spectrum of y Cassiopeiae are measured 
and discussed. The variable absorption-wing intensities give determinations of the atmospheric opacity 
at different times. Prior to 1939 this opacity is found to be too large to be accounted for by the hydrogen 
atoms. It appears to be accompanied by a continuous emission from the shell. 


During the years 1939 and 1940 the spectrum of y Cassiopeiae underwent changes 
similar to those of 1936. The emission lines first became stronger relative to the con- 
tinuous spectrum and then weakened. As they faded, a strong shell absorption spec- 
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Fic. 1.—Intensities of 76 in y Cassiopeiae 


trum developed;! it was more prominent and had more lines than that of 1936.2 Accom- 
panying the decline in emission intensity and rise in absorption strength was a clearing- 
away of the atmosphere to such an extent that the broad underlying hydrogen absorp- 
tion lines appeared about ten times as strong as in 1927-1932. Unlike P Cygni, y Cassio- 
peiae never passed through a stage where the opacity of the atmosphere was sufficient to 


t Baldwin, A p. J., 93, 333, 1941. 2 Tbid., 92, 82, 1940. 
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mask completely the broad photospheric absorption lines of hydrogen, helium, and 
ionized iron. 

Microphotometer tracings of the H6 region were made of selected spectra covering the 
period of January 6, 1927, to August 4, 1940 (JD 2424887-9846). The H6 region was 
selected as it contained the hydrogen line most nearly free from serious blending and was 
in a part of the spectrum well exposed for microphotometric work. Certain of the 1936 
microphotometer tracings were made for the purpose of determining equivalent widths 
of the 1936 shell absorption lines,’ and those for H6 do not cover as long a spectral range 
as the remainder of the tracings. 

The spectra had been standardized by a spot densitometer. Most of them were on 
Process emulsion; a few early plates were taken on Eastman 33 emulsion. All were made 
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Fic. 2.—Intensities of Hé in y Cassiopeiae 


with the one-prism spectrograph on the 373-inch reflector of the University of Michigan 
Observatory. 

In Figure 1 the relative intensities along the spectrum near //6 in terms of the strength 
of the continuous spectrum are shown for the dates January 6, 1927, to February 7, 1936 
(JD 2424887—2428206). For each date the ordinate is the intensity of the continuous 
spectrum, represented by a horizontal broken line. The actual scale unit of intensity of 
the continuous spectrum is the same for all dates and is shown as a vertical line marked 
“T.C.S.”” The wave length is plotted as the abscissa. Several absorption and emission 
features are indicated. 

The O 11 triplet near \ 4072 is well shown in absorption, although the maximum in- 
tensity lies unexpectedly far to the violet. In the violet wing of the broad H6 absorption 
is the broad absorption line, Si 1v 4089. The Hé absorption is complicated by the double 
Hé emission. The latter appears to be slightly to the red of the absorption center. In 
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the red H6é absorption wing lies the He 1 4121 absorption line and possibly an emission 
line, Fe 11 4124. In addition, there is an unidentified broad absorption line nearer to 
H6. Variations in absorption intensity are present. 

The cyclical change of the emission ratio, V/R, and the increase in emission intensity 
as the 1934 single-line stage is approached are obvious, as well as the sharp decrease in 
emission intensity as the 1936 H6é absorption line of the shell cuts off the emission 
maximum. 

In Figure 2 the abscissae and ordinates are the same as in Figure 1. The same features 
appear, but changes in detail are noticed. The 16 shell absorption line fades out by 
JD 2428434, and as it fades the broad underlying absorption grows weaker. The emis- 
sion becomes narrower and grows sharper.3"4 
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Fic. 3.—Intensities of 16 in y Cassiopeiae 


In Figure 3 the first curve, for JD 2428799, is at the maximum of the single emission- 
line stage. It marks the period of strongest emission.’ Lines Ni 11 4067, \ 4084 unidenti- 
fied, 16, Hei 4121, and Fe 11 4124 are prominent. The red absorption wing of the Hé 
line has vanished, probably filled up with the 6 emission. The Ni 11 emission line lies 
in the O 11 absorption. 

On later plates the emission lines weaken, and all but Hé vanish. The latter again 
becomes double, and shortly thereafter, on JD 2429308, another shell stage begins. 
The lines are stronger than before, and even He 1 4121 appears in sharp absorption on 
JD 2429705.' Concurrently, the emission lines fade, but how much of the fading is due 
to the overlying shell absorption is uncertain. 

As the emission lines fade, the broad absorption lines become markedly stronger. On 





3 Ibid., 87, 573, 1938. 4 Ibid., 89, 255, 1939. 
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JD 2429846 the 1/6 absorption is ten times as strong in equivalent width as the mini- 
mum of the early lines shown in Figure 1. 

Figure 4 collects much of the data from Figures 1-3. Curve A represents the maxi- 
mum intensity of the red emission component of 6; curve B shows the changes of height 
of the violet emission component. The open circles mark the intensities of the blended 
emission components in 1934 and 1937. 
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Fic. 4.—Changes in the spectrum of y Cassiopeiae 
i T 


A is similar to B but lags behind. This lag produces a change in the ratio V/R. The 
measured ratios, V/R, are given as filled circles in C; the solid line represents the V/R 
intensity ratio from eye estimates published earlier.* Close agreement is indicated, both 
in phase and in scale. 

Curve D shows the changes in equivalent width of the broad Hé absorption line. The 
intensity-curves for JD 2428786 from Figure 2 and JD 2429846 from Figure 3 show how 
the equivalent widths were measured. The approximate absorption contour of Hé was 
marked by the dotted lines, and the area was measured in terms of the energy in 1 A 
of the continuous spectrum at H6. The measured equivalent widths start at 1 A and 
fade to 0.5 A, rise to 2A in the 1934 single emission-line stage, fade again to about 
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NOTES 
Col. A. Intensity of Hé red emission component 
Col. B. Intensity of Hé violet emission component 
Col. C. Hé V/R intensity ratio (circles are measured points, line is eye-estimated 
curve) 
Col. D. H6 broad absorption-line equivalent width in angstroms 
Col. E. H6 emission-line equivalent width in angstroms 
Col. F. H6 residual intensity of absorption 6 A to violet of line center 
Col. G. H6 residual central-line intensity of broad absorption, extrapolated 
The emission components are blended on plates of JD 2427785, 8786, 8799, and 
8810. 
| Curve E represents the relative equivalent widths of the 176 emission lines expressed 
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TABLE 1 


CHANGES IN Hé STRUCT 





URE 








0.5 A in the 1937 single-line stage, and then suddenly increase to 5 A late in 1940. In 
the 1936 shell stage there was a slight increase in the broad absorption intensity. 


in units of the intensity of 1 A of the continuous spectrum at 7/6. It must be borne in 
mind that y Cassiopeiae is a temperature variable,? and hence the energy in the con- 
| tinuous spectrum at //6 is variable and the emission intensities are not directly compara- 
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ble. The emission reaches two maxima—one in each single-line stage—and practically 
disappears by the end of 1940. 

Curves F and G represent the residual intensity in the H6 wing, 6 A to the violet of 
the center and at the extrapolated center, respectively. The curves are very similar, 
Both show the slight increase in residual intensity at the 1936 shell stage. 

Lines H and / indicate the duration of the two shell-line stages. The numerical data 
shown in Figure 4 are listed in Table 1. 

The explanation of the changes in emission intensity and in the V/ R ratio must await 
the publication of a better temperature-curve than is now available. The tremendous 
variations in intensity of the broad absorption lines must be due in part to changes in 
the opacity of the atmosphere. In times of lowered opacity the broad photospheric ab- 
sorption lines are seen through the atmospheric veil more clearly than when the opacity 
is high. : 

The absorption lines are broadened by two agents—Stark effect and rotation. The 
wings are predominately produced by Stark widening, while the cores near the emission 
lines are rotationally widened. The purities of the microphotometer systems and of the 
one-prism spectrograph were not sufficient to enable the author to check the measured 
rotational line-widths described in another paper.’ 

The variation in the residual intensity at a definite point in the wing of broad H6 
(Fig. 4, curve F) approximately determines the atmospheric opacity. 

As has been done by Struve’ in the case of 17 Leporis and P Cygni, we may assume 
that the atmosphere of y Cassiopeiae consists of a normal layer below a certain limiting 


thickness 
n= ff kpdz , (1) 


where « is the continuous absorption coefficient of the shell. A thin tenuous layer lies 
above 7:. Eddington® and Swings and Chandrasekhar’ have discussed stratified models 
of stellar atmospheres. Let us adopt the case of pure scattering (e€ = o in Eddington’s 
notation) and set 


\,, = Absorption coefficient of atoms within the line, 
x,- = Absorption coefficient in the continuous spectrum, 
d 
eo -. 
K 


Then the residual intensity within the line is® 


V3n 


34 9)1 . ) V2(1 + n) ) 
. 4 sinh V3.7, +]/V1+7+- a 


2 2 } 


\ 
ait ++ 


5 Proc. Nat. Acad. Sci., 26, 117, 1940. 


6 M.N., 89, 626, 1929; The Internal Constitution of the Stars, pp. 424-425, German ed., 1928. 


7M.N., 97; 33, 1936. 
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From curves D, F, and G (Fig. 4) it is apparent that the opacity of the atmosphere 
steadily decreased in 1939 and 1940. In another paper in this issue of the Journal Dr. 
Struve shows that the broad absorption lines reached a maximum intensity in late 1940 
and early 1941. The emission and sharp shell absorption lines also vanished at about 
that time. 

The last point in column F, Table 1, gives a residual intensity of 0.88 in the violet wing 
of Hé at a point 6 A from the line center. We may assume that at about H’/H = 0.86, 
instead of 0.88 as measured, the opacity of the atmosphere was essentially zero and thus 
tT = O. 

When these quantities are substituted into equation (2), 7 is found to be 0.38. With 
this value of », H’/H may be computed for varying 7,. The results are listed in 
Table 2. 

A comparison of the residual intensities, H’//, listed in Table 1, column F, with those 
of Table 2, should give a determination of 7; on the various dates. Actually, 7; must be 
in the range of perhaps 0.4-0.0. With the observed value of n, these limits correspond to 
a residual intensity range of 0.93-0.86 at this point in the violet wing. 


TABLE 2 


WING INTENSITY OF H6 AS A FUNCTION 
OF OPTICAL DEPTH 


(n = 0.38) 
r1 HH ry H’'/H 
RC an ee 0.86 0.3 a ack cea ms ge 
I 88 OF SRO Oe ee 93 
Cie 2h care ans 0.90 eae 0.94 


From JD 2429196-9846 the observations are consistent with theory when 7; is equal 
to 0.34, 0.26, 0.26, 0.34, 0.15, and 0.10, respectively. For all previous dates the observed 
residual intensities lead to values of 7, which are considerably too high. Therefore it 
appears that we are dealing with another phenomenon which is even more important. 
This must in part be a continuous emission from the shell itself as distinguished from the 
continuous emission from the photosphere.* Other possible sources of opacity have not 
been considered but are probably secondary to the above mechanism. 

The equivalent widths of the shell absorption lines of Hé6 and the broad photospheric 
lines at maximum strength of the former are in the ratio of 1 to 5. Hence the opacity 
produced by the shell should be about one-fifth that of the normal photospheric layer. 
This is consistent with the observed opacity, particularly when it is realized that the 
shell absorption lines probably are produced in a definite region of the shell and not 
throughout its entire thickness. 

Because of the peculiar filling-in of the red absorption wing of H6 by emission in the 
1937 single-line stage, it was felt that possibly the violet wing was also partly filled in. 
Consequently, a comparison of H6 with the Ou, Si1v, and Het lines was made. In 
each case these lines grew stronger as the 6 violet wing grew stronger, and weaker as 
Hé faded. At these other lines the emission structures were extremely weak or absent at 
most stages. It may be concluded that most of the variations at Hé were due to the 
changing opacity and the continuous emission of the shell rather than to a filling-in of 
the broad absorption line of 76 by emission. 


* This process was described by Struve in connection with the spectrum of 8 Lyrae (Ap. J., 93, 109, 
1941). 
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SPECTROGRAPHIC OBSERVATIONS OF PECULIAR STARS. II* 
P. SWINGS AND O. STRUVE 


ABSTRACT 


RX Puppis.—Besides the strong emission lines of H, He 1, and He 0, this star is characterized by very 
intense lines of [Fe vit]; other highly ionized elements observed in the spectrum are [Ne v], [Fe vi], and 
(Ca vu]. The object is very similar to CI Cygni; but the evidence for a late-type component is not as 
definite. The behavior of the forbidden lines is discussed. 

Recent variations in the spectra of T Coronae Borealis, Z Andromedae, RW Hydrae, RS Ophiuchi, and 
AX Persei.—These five objects combine bright lines of high excitation and late-type spectra. In all 
cases their line-emission spectra observed in the last few years behave in the same way as in novae in their 
nebular stages; but the ejection velocities are smaller than in single novae, even of the slow type. 

y Cassiopeiae.—The observations obtained in 1940 and 1941 were used to determine the contours of 
the broad lines from the reversing layer. These lines became gradually stronger as the lines produced by 
the outer shell grew weaker. The optical thickness for continuous radiation of the shell near its maximum 
development was about 7, = 0.2. 

14 Comae Berenices.—The spectrum of this star consists of (1) an A5 component of moderate lumi- 
nosity whose H lines show strong Stark effect and whose lines of Mg 11, Si, Fe 11, and Fe 1 show rapid 
axial rotation and (2) the spectrum of a shell, which is responsible for sharp Ha but which is otherwise 
weak in //; the shell also gives rise to sharp lines of 77 1, Cr m1, Sc 11, Ca 1, etc., and resembles the spec- 
trum of e Aurigae, except that H is much weaker and that the excitation temperature is lower. Some 
spectroscopic peculiarities of the shell may be accounted for by the hypothesis that the pressure within 
the shell is lower (perhaps by a factor of 10 or 100) than in normal supergiant reversing layers. 


COMPLEX OBJECTS OF HIGH EXCITATION: 
1. RX Puppts? 


The variability of this star has been the subject of many discussions. During the 
thirty-five years prior to 1914 the light-curve showed only one long deep minimum, and 
for this reason E. C. Pickering’ suggested that it belongs to the R Coronae Borealis 
type. This was adopted by H. Ludendorff,4 who placed RX Pup among the variables 
belonging ‘‘certainly”’ to the R Coronae class. C. and S. Gaposchkin’ mention that nei- 
ther the light-curve nor the spectral observations substantiate the ascription to the R CBr 
class. The variation is very slow; a period of about twenty years was first suggested,3 
then one of six years.° Actually, there was no appreciable change during the interval 
from 1919 to 1924, and the star now varies slowly and irregularly.’ 


* Contributions from the McDonald Observatory, University of Texas, No. 37. The first paper under this 
title appeared as Contribution No. 22. 


* References to our papers on complex objects of high excitation and related stars: 
Z And: Pub. A.S.P., §1, 297, 1939; Ap. J., 91, 601, 1940; tbid., 93, 356, 1941. 
T CBr: Pub. A.S.P., 52, 199, 1940. 

R Aqr: Ap. J., 91, 601, 1940. 

AX Per: Jbid. 

CI Cyg: Ibid. 

RW Hya: Proc. Nat. Acad. Sci., 26, 458, 1940. 

IC 4997: Ap. J., 93, 356, 1941. 

aSco: Ibid., 92, 303, 1940. 

MWC 17: Jbid., 93, 340, 1941. 

CD —27°11944: Ibid. 

WY Gem and B 1985: Jbid., 91, 601, 1940; ibid., 93, 455, 1941. 


?HD 69190; CD —41°3911; a (1900) 8'10™7, 6 (1900) —41°24’; max. mag. 11.1; range = 3.0 mag. 
3 Harvard Circ., No. 182, 1914. 

4 Handb. d. Ap., 6, 77, 1928. ® Harvard Bull., No. 809, 1924. 

’ Variable Stars, p. 319, 1938. 7 For the light-curve see Variable Stars, p. 313, Fig. XI, 1. 
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The spectrum was first described by Pickering* as showing HB, Hy, H6, and H¢ bright 
and as being similar to n Carinae. It was described in more detail by Miss A. J. Cannon, 
who pointed out the resemblance to the spectra of gaseous nebulae or novae and who 
classified the spectrum as of type Pd, of which the prototype is IC 4997; this assignment 
was based upon the great strength of the transition of auroral type of [O 11], \ 4363. The 
bright lines observed by Miss Cannon belong to H, He 11, [O 111], and [Ne 11). 

C. and S. Gaposchkin have placed RX Pup among the irregular variable stars with 
spectra showing forbidden lines, and they have emphasized the point that “‘it is far from 
certain that AG Pegasi, Z Canis Majoris, and RX Puppis are not, in fact, more nearly 
novae than anything else.” In the nebular variables, RX Pup was placed by C. and S, 
Gaposchkin among the intrinsic variables, the other typical representative being AG 
Peg. Recent work by Merrill'® has now revealed that, contrary to the preceding assump- 
tion, AG Peg (BD +11°4673) has a red companion and should thus be placed among the 
double systems, such as Z And or T CBr, rather than among the intrinsic variables. 
There is some evidence that RX Pup may belong to the same category. 

The large drop in brightness which occurred around 19c5 may well have been of a 
nature similar to the deep minimum observed in Nova Herculis; in any case, it is not 
possible to attribute the object to the R CBr type. 

A series of spectrograms of RX Pup was secured in January, 1941, at the McDonald 
Observatory. The continuous spectrum is confined to the yellow and red region, where it 
reveals several absorption features. These are identical to the ones observed in MWC 
17;"' but because of the very low dispersion in the red region and the presence of strong 
emission lines, the suspected red companion cannot be fully ascertained. 

Description of the emission spectrum.—The measured lines are collected in Table 1. It 
is evident at once that the star is characterized by very strong lines of [Fe vit]; for ex- 
ample, the strongest [Fe vi1| line at \ 6085 is as intense as the neighboring line D, of 
Heit. RX Pup is, therefore, very similar to CI Cygni and to AX Persei’? (the latter, as it 
appeared in 1939; see the following section). Besides [Fe vii], the other observed lines of 
high excitation belong to [.Ve v|, [Fe vi], and [Ca vi]. 

Hydrogen, Helium 1 and 11: Many lines are present; //e 11 4686 is almost as intense 
as HB. 

Carbon: C 11 is not observed, but C 11 is present, and C Iv is strong. 

Nitrogen: Besides strong permitted .V 111 lines, the spectrum shows |.V u] of appreci- 
able intensity. 

Oxygen: Very weak permitted O 111 lines are observed, which are excited by the reso- 
nance line of He ut. The three forbidden lines of |O 1m] are very strong. The intensity 
ratio of the transitions of auroral and nebular type is very similar to that observed in 
IC 4997,'3 which indicates that the electron density in the nebular regions of |O 111] emis- 
sion is of the order of 105 to 10° electrons per cubic centimeter. The intensity ratio of 
4363 to V, +N, is smaller in RX Pup than in the two other high-excitation objects 
CI Cyg or AX Per (1939), which must have an electron density of the order of 107 elec- 
trons per cubic centimeter. 

The nebular transitions of [O 1| are also present; they must be excited in outer regions 
of low electron pressure, as the auroral transition \ 5577 is not observed. The transition 
probabilities of \ 6364 and \ 6300 are intermediate between those of [O 11| and [NV 1]. 

The [O 11] lines are absent, and they were also very weak in CI Cyg and AX Per (1939). 
The fact that |.V 11] appears, whereas [O 1] is absent, despite the similarities in ionization 
and excitation potentials, is due to the large difference in transition probabilities. The 
average lifetime of the 7D-levels of O 11 is about twenty times as long as the lifetime of 





8 Harvard Circ., No. 17, 1897. t Ad. J., 93» 349, 1941- 
9 Harvard Ann., 76, 19, 1916; ibid., 93, 268, 1919. 12 Ap. J., 91, 607, 1940. 


10 Pub, A.S.P., 53, 124, 1941. 13 Ap. J., 93, 356, 1941. 
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TABLE 1—Continued 


| IDENTIFICATION IDENTIFICATION 
r INT. | » INT - 
| . ‘ 
Elem Lab. A Elem. Lab. X 
3 Oe ere 2 | [Fe vit] | 5158.3 5673 ,8.. I [Fe v1] 5678.0 
5178.2.. I ihe vil) |) 319750 5990-0)... 4 [Fe vit] | 5720.9 
E2200... . I-2 [Fe vi] | 5236.6 5753-0)... 2-3 {.V m] 5755.0 
5274.5 2 [Fe vu] | 5276.1 5796. 3T I (CIV 5801.5 
| Fe v1] 5279.2 
[Feit] | 5270.5 5675.0... 5 Het 5875.6 
ReO6. 9... . I [Ca v] 5308.9 6085.6 5 [Fe vu] | 6085.5 
{Ca Vj} 0055 9 
5316.0 I ({Cl 1v]} 5329)2 
Fe 5310.6 62306 3-4 |O 1] 6300.2 
{.S 111} 0310 2 
5334 I-O [Fe vt] | 5336.4 
0305 I-2 jO 1 63603 QO 
5411.4 3 Het 5411.6 [Fe x] 6371 
5526.2* I ({Cl 11] 5617.2 6563 20 Hla 6562.8 
BSg275 I [Clim] | 5537-7) 6678 3 Het 6678.1 
5617.0 I [Ca vu] | 5619 
* Separation uncertain. t Doubtful line 


'D of NV 11, and the auroral line [|.V mu] 5755 corresponds to an even larger transition prob- 
ability. Whereas this factor is quite unimportant at very low electron densities, it may 
become critical for higher densities. On the contrary, the auroral and nebular transitions 
of [O 11] have greater transition probabilities than the corresponding lines of |.V u)."4 
For the same reason, |S 11] is often present in shells of fairly high electron density’ while 
[O 11] is absent. 

Of all the elements likely to appear with appreciable intensity in extended atmos- 
pheres, the lines {O 11] 3726 and 3729 have the lowest transition probabilities and will be 
the first to vanish as soon as the electron density reaches a certain critical value. They 
are, therefore, particularly useful in discussions of electron densities or of stratification 
effects. Extension of the spectrograms to \ 7350 would permit a comparison of the 
7D) — ?P lines at A 7319 and X 7330 (transition probabilities 0.36 and 0.31) with the 
4S — ?P transitions at AA 3729-3726 (trans. prob. 0.000085 and 0.000068). 

Neon: [Ve 111] is very strong. Despite the low southern declination (— 41°) of the 
star, which caused strong atmospheric absorption in the ultraviolet region, {Ve v| 3426 
is observed as a faint line, which indicates that the [.Ve v] lines must actually be intense. 
The forbidden lines of [Ve v| have always been observed when |Fe vul| was present (e.g., 
in N Her, AX Per, and CI Cyg). 

Calcium: As in AX Per and CI Cyg, [Ca v] and [Ca vi] are observed. 

Iron: Many lines of Fe 11 and [Fe 11| have been measured, the forbidden lines being, 
on the average, stronger than the permitted ones. There is no evidence in favor of Fe 1, 





™ The numerical values of the transition probabilities may be found in Pasternack’s paper, Ap. J,, 


92, 129, 1940. 


Ap. J., 93, 455, 1041. 
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and the presence of [Fe 111] is not certain. [Fe v] is absent, whereas [Fe v1] is faintly rep- 
resented by all its characteristic lines of the 4F — ?G and 4F — 4P forbidden multiplets; 
actually, RX Pup is richer in [Fe v1] than AX Per (1939) or CI Cyg. [Fe v1] gives many 
conspicuous lines in the region A > 5100, where the intensity distribution among the various 
transitions 3>F — 3P and 3F — 'D is very similar to those in Nova Pictoris, CI Cyg, or 
AX Per (1939). In the ultraviolet, 3F, — 'G, at \ 3759 is observed, whereas the weaker 
transition 5F, — 'G, at A 3587 is not seen on the spectrograms; this is undoubtedly due 
to the low declination of the object. With our small dispersion in the red region the 
fairly strong [O 1] line at \ 6364 precludes the detection of a possible [Fe x] line around 
d 6372. 

Conclusions.—The complex character of RX Pup is not as certain as that of AX Per 
or CI Cyg, but the far-reaching spectroscopic similarity between these three objects 
points toward a similar structure. In all three cases we observe strong forbidden lines of 
(Fe vii], together with fairly strong permitted and forbidden lines of Fe 11, whereas the 
intermediate stages of ionization 111 and V are absent or extremely weak; in all three ob- 
iects |e vi] is also faint. Obviously, the intensity ratios depend also essentially on the 
transition probabilities. But at least in two cases, RY Scuti™ and MWC 17,"7 do we have 
observational evidence showing that the [Fe 111] lines may appear strongly in a shell, to- 
gether with [.V 11] and [O 1], as in RY Scu, or with [O 1], [Fe 1], Fe 1, [S11], and [N mJ, as 
in MWC 17. The fact that the nebular envelopes of several novae (N Pictoris, N Her- 
culis, N Lacertae [1936], and N Serpentis) have shown strong [Fe v1] lines is certainly of 
significance in connection with the present problem. 


2. RECENT VARIATIONS IN THE SPECTRA OF FIVE COMPLEX OBJECTS COMBINING 
BRIGHT LINES OF HIGH EXCITATION AND LATE-TYPE SPECTRA 

Our recent investigations of the spectra of peculiar binaries, such as AX Per, 
CI Cyg, T CBr, RW Hya, Z And, etc., have been concerned especially with the nova- 
like character of the line emission. In this connection it is important to follow the 
behavior of these spectra and to discuss their connection with the nova phenomenon. 
In the cases where the nova-like character of the companion of early type is well estab- 
lished—namely, in T CBr and Z And—the bright lines are fairly sharp; this means that 
the possible range in ejection velocity is much smaller than is usually found in novae, even 
of the slow type. Our discussion, together with Kuiper’s recent dynamical theory of 
binaries,'* leaves little doubt that binary nature may stimulate the process of formation 
of shells or layers, giving rise to line emission; these layers may very well be stratified 
and unsymmetrical in structure. 

Nova T Coronae Borealis—The appearance of the spectrum in the beginning of 1940, 
about four years after the last outburst, has been described previously."? Spectrograms 
secured from January to May, 1941, show that the excitation in the emission layers has 
increased since 1940 and that the intensity of the P Cygni type absorption components 
of 18 and Ha has decreased as compared to the bright components. An appreciable in- 
crease in intensity is apparent for bright //e 11 4686 (compared to 1/8), for the He 1 lines 
(compared to //), and for the O 11 and N 111 fluorescence lines. The increase in intensity 

which evidently runs parallel to that of Ze 11—1is apparent even in the short interval 
between January and May, 1941. The difference in radial velocity of H and He 1, which 
was reported in 1940, has been maintained, so that the lines Hs 3889.05 and He I 3888.65 
are still well separated (AXops >> 0.4 A). But the change in relative intensity of the two 
lines is very striking. 


16 Ad. J., 9%, 581, 1940. 


Ap. J., 93, 349, 1941. See also the description of the spectrum of DO Aqu 1925, by Vorontsov- 
Velyaminov, 4p. J., 92, 283, 1940. 


IAD. J .5 O35 133; 1O4E. 19 Pub. A.S.P., §2, 199, 1940. 
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Gradually, T CBr increases in excitation, exactly as is the case in the beginning of the 
nebular stages of novae. Compared to the early-type component, the red companion js 
much more luminous than in AX Per, CI Cyg, and Z And. The spectrum is approaching 
a stage similar to that of RW Hydrae,”’ and it will be interesting to see whether it wil] 
come to a standstill at about that same stage of moderate excitation or whether it wil] 
progress toward a still higher excitation, such as in CI Cyg. At present, the evolution js 
strikingly similar to that of Z And. 

Z Andromedae.*'—During the interval from August, 1940, to January, 1941, the most 
striking spectral variations were: 

a) The increase of the intensity ratio of the nebular to the auroral transitions of 
[O 111]; 

b) The disappearance of the P Cygni absorption features and the appearance of a 
Balmer continuum in emission (instead of absorption). 

This is, of course, what would be expected in a post-nova. The same behavior of the 
[O 11] lines appears when we compare our spectrograms of Nova Herculis taken in April, 
1940, and in May, 1941; there isa striking change in the decrease of |O 111] 4363 compared 
to V, and V,, and this must be due to the decrease in the electron density in the expand- 
ing ejected nebulosity.”* 

RW Hydrae.—Since the time of our description of this spectrum,?’ based upon spec- 
trograms of April, 1940, the early-type companion has been slowly gaining in excitation, 
On spectrograms of May, 1941, it is apparent that the intensity ratios He 11 Hei and 
[O 111] 4363/He 1 4388 have increased. A remarkable feature of this spectrum, observed 
in both seasons, is the relatively great intensity of the 2'P® — n'D lines of /e 1, as com- 
pared to the lines of 23P® — n3D. In this respect RW Hya bears a certain resemblance to 
Z And. On the other hand, in planetary nebulae and in stars of high excitation, such as 
AX Per, CI Cyg, and RX Pup, the singlet lines are very much weaker than the triplets. 
The ordinary laboratory spectrum of He Lalso shows the triplet lines to be much stronger 
than the singlets, but in certain laboratory experiments abnormally strong singlet lines 
have been observed. It is not clear why the stars of relatively low excitation—RW Hya, 
Z And, and perhaps also RS Oph—should show abnormally strong singlet lines. On 
general grounds we should expect that for very low pressures the singlets will be favored 
as long as the excitation energies are low and the recombination processes are relatively 
unimportant. However, the strength of He 11 4686 suggests that recombination must play 
an important role in //e 1, unless the gas is stratified. 

The excitation in the nebular component is much lower than in CI Cygni and is rather 
similar to that of T CBr or Z And. 

Nova RS Ophiuchi 1898, 1933.—This is a recurrent nova, which was included by 
Merrill and Burwell’: in their table of objects with dark 770 bands and bright /e 11 4686. 
During the sudden outburst of 1898 the spectrum was photographed at the Harvard Ob- 
servatory ;?> the hydrogen lines from 8 to H¢ were bright, as were also \ 4640 and A 4686; 
there was a trace of He 1 4472. From the light-variations” the star was considered to be 
somewhat similar to P Cygni, T Coronae, and n Carinae. A spectrogram was taken in 
1923 by Adams, Humason, and Joy,?’ twenty-five years after the first observed out- 


20 Proc. Nat. Acad. Sci., 26, 458, 1940. 21 Ap. J., 93, 356, 1941. 


22 He 11 4686 and N 11 4634-4640 have also increased in intensity compared to V, and V,, which tends 


to reduce the green color of the nebulosity of N Her. 


~ 


23 Proc. Nat. Acad. Sct., 26, 458, 1940. 

24 Ad. J., 78, 87, 1933- 

23 Harvard Ann., 96, 1921 (HD 143454); 55, 47, 1907; 76, 37, 1914. 
26 Harvard Ann., 55, 7, 1907; Harvard Circ., No. 99, 1905. 


27 Pub. S.A.P., 39, 365, 1927. 
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burst; the star was then of magnitude 11.5. It showed strong bright 1 and fainter emis- 
sion at Hy; Fe 11 was present as faint emission; there was no certain evidence of bright 
bands at A 4640 and \4686. An absorption spectrum was observed, but it was difficult 
of classification, appearing to be about of type G5. During the period 1900-1933, ‘“‘apart 
from its rather small range and its persistent variability at minimum (in which it is in- 
deed paralleled by several other novae) there was nothing to set it apart from other 
ROVER. s+ s. In light curve and in spectrum, it is, in the main quite typical.’ 

The outburst of 1933 was observed spectroscopically at the Mount Wilson and Lick 
observatories; the star reached a magnitude of 4.3. The spectral changes were very sim- 
ilar to those seen in normal novae; but, according to Adams and Joy,” ‘“‘the great dis- 
placements of the absorption lines toward the violet in the earlier stages of the spectra of 
novae have not been observed.” This point is important, as it shows a great similarity 
to Z And and T CBr in both of which the ejection velocities were also relatively small. 
In Z And the radial velocities were — 68 km/sec for the absorption lines and +30 km/sec 
for the emissions;3° according to measures by Wright and Neubauer, the absorption 
lines of RS Oph were displaced about 5A with respect to the emissions, suggesting a 
velocity of ejection three or four times larger than in Z And. Adams and Joy noticed 
that \ 4363 was much stronger, relative to V, and N,, than in normal planetaries. Soon 
after the outburst, when bright lines of 7, He 1, and He 11 were also present, Adams and 
Joy discovered in the spectrum five coronal lines, the intensity of the green line \ 5303 
being comparable to 178. This is the only instance in which the coronal lines have been 
observed in a nova. 

In 1934, when the star had faded to magnitude 11, Adams and Joy?4 found that the 
spectrum had approximately reverted to that observed in 1923, ten years before the sec- 
ond outburst, the only marked difference being the greater intensity of \ 4686 in 1934. 
The coronal lines had disappeared, and the relative intensity of the continuous spectrum 
had greatly increased. 

Humason took a new spectrogram in 1936, three years after the last outburst ;55 the 
star was approximately of visual magnitude 11.8. He also re-examined the previous 
spectrogram of 1923 and questioned the type G5 which had been tentatively suggested 
for the continuous spectrum. His spectrogram of 1936 shows in emission N,, N.2, HB, 
Hy, and H6. ‘*The continuous spectrum is much stronger, relative to the emission lines, 
than on the 1923 plate and extends well into the violet. No absorption lines can be seen.”’ 
Quite recently Merrills® expressed the opinion that RS Oph may possibly belong to the 
group of stars with bright A 4686 and dark 770 bands. 

Two spectrograms secured at the McDonald Observatory in May, 1941, reveal a very 
strong continuous spectrum whose intensity distribution in the visual region is very 
similar to that of the continuous spectrum of the similar star RW Hya; on the other 
hand, just as in Z And and T CBr, the continuous spectrum extends into the blue region. 
There is no doubt that we have here another case of a composite spectrum, one com- 
ponent being of late spectral type (around K8 or Mo), while the other component gives 
a weak, but definitely blue, continuum. Because of the red companion, only strong emis- 
sion lines can be seen in the visual region. The measured lines are as follows: 


BRIGHT LINES PRESENT IN 1941 IN NOVA RS OPHIUCHI 


H: Ha (15), HB (8), Hy (5), Hé (3), He (1) (blended with [Ne m1]), Hs (1-0) 
Het: 5876 (8); 5016 (2), 4922 (2), 4713 (1), 4471 (1), 4388 (1), 4121 (1-0) 


28 C. and S. Gaposchkin, op. cit., p. 260. 


9 Pub. A.S.P., 45, 249, 1933- 33 [bhid., p. 301. 
0° Pub.. A.S.P:, $8, 207;.1930: 34 Pub. A.S.P., 46, 223, 1934. 
at Pub. A.S.P., 45, 251; 1033: iS Ap. J., 88, 228, 1938. 


3 [bid., p. 249. © Spectra of Long-Period Variable Stars, p. 105, 1940. 
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TABLE 2 


EMISSION LINES IN AX PERSEI (JANUARY 15, 1941) 
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4005 
4055 
4713 


4501 


4921 
4959 


5007 


t Observed in many high-excitation objects; probably unidentified 
t Also present in NGC 7027, NGC 6572, and RY Scuti. 
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Het: 4686 (6) 

[Ou]: Absent 

(O mt]: 4363 (2), MN: (1), N2 (1-0) 

Om: 3444 (0), 3760 (0) 

Nut: 40097 (2), 4634-4640 (2) 

[Ne 11]: 3869 (2), 3967 (1, blend with He) 

{Ne v]: Absent 

[Su]: 4068 (o-1) 

Fett: 4233 (o-1), 4352 (1-0), 4576 (1-0), 4584 (1-0) 
[Feu]: 4244 (0-1), 4359 (0-1) 


At present all the lines are rather sharp, and the whole appearance of the spectrum is 
quite similar to that of other binaries consisting of an M (or late K) component and of a 
nebulosity of moderate excitation, such as RW Hya or T CBr. As far as the essential 


TABLE 3 


TRANSITION PROBABILITIES AND 
EXCITATION POTENTIALS 


Excitation in ie 
rransition 


Element r Potential 
Srpies: Probability* 
(in Volts) y 
|O 111] 4303.2 S94 2.8 
5007 .6 25% 0.010 
4959.5 2.5 0.0050 
| Ne 1].. 3907.5 2.9 0.065 
3868.7 2.2 0.21 
[Ne v].. 3425.8 3.8 0.31 
[Fe vit] 6085.5 23 ©.49 
5720.9 7 ee 0.30 


* According to S. Pasternack, Ap. J., 92, 129, 1940. 


physical processes are concerned, the evolution of RS Oph after the 1933 outburst has 
been similar to that of T CBr or Z And; the main difference between Z And and RS Oph 
is that the former has a higher excitation and a lower velocity of ejection. 

AX Persei.—Spectrograms taken in January and May, 1941, show a large change 
since 1939 and the beginning of 1940,37 and the object had resumed a state very similar 
to that of 1931-1932, when Merrill examined it spectroscopically.3* The principal 
changes between February, 1940, and January, 1941, are: 

a) The almost complete diappearance of the lines of [Fe vu] and [Fe v1], which were 
conspicuous in 1939, especially |Fe vii] in the visual region; 

b) The considerable increase in intensity of V, and V, compared to A 4363; 

c) A large increase in the intensity ratio of [Ve 1] and H; in 1939, \ 3888 was much 
stronger than |.Ve 111!, whereas the opposite is true in 1941. 

The variations between February, 1940, and January, 1941, will be discussed first. 
The list of lines observed in the region AX 3850-6700 on January 15, 1941, is given in Ta- 
ble 2. Table 3 lists some of the transition probabilities and excitation potentials needed 
in the discussion. 

It is necessary to be careful in considering excitation criteria in an object, such as 
AX Per, in which effects of stratification and asymmetry may be important; for exam- 


= 37 Ap. J., 91, 607, 1940. 38 Ap. J., 77, 44, 1933. 
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ple, the emission of the forbidden [Fe vii] transitions and of the permitted H or He 1 lines 
may be localized in different regions. If we assume that [Fe vu] is localized in a different 
region than [O 111] or [Ne 111], we may think of some occultation effect; but this seems 
rather unlikely. 

If we assume that [Fe vi] was emitted in a region similar to that of [O 11] or [Ne my], 
except possibly for greater proximity to the exciting center, it is certain that the electron 
temperature in the emitting regions has not changed greatly. The presence of N,, N,, 
d 4363, and [Ve 11] shows that the electron temperature would have been high enough to 
excite Fe vi1 ions on their metastable levels. The electron density has decreased, as is 
shown by the decrease in the intensity ratio \ 4363/.V,, V.. This ratio is now very similar 
to that of Z And in 1940,3° but it is still greater than in IC 4997. The electron density 
must therefore be around 10° electrons per cubic centimeter in the [O 1m1| region.4° In 
1939 the intensity ratio of \ 4363 to V, must have required a much higher density—say 
of the order of 107 electrons per cubic centimeter. Let us assume that the electron den- 
sity has been reduced by a factor of the order of 10 in all emitting layers. Such a reduc- 
tion could not by itself weaken the [Fe vu] transitions very greatly, as compared to the 
other ions. From Table 3 it is seen that the transition probabilities of the strongest 
[Fe vit] lines are intermediate between those of \ 4363 and of [Nem]. In 1939 both 
d 4363 and [Ve 111] were weaker than [Fe vu], whereas they are still present in 1941, de- 
spite the disappearance of [Fe vu]. Besides, the presence of strong .V, and N,, together 
with weaker \ 4363 and [Ne 11| in RX Puppis (see preceding section), does not prevent 
[Fe vi1| from attaining a considerable intensity in this star. 

We are probably concerned with a change in the ionization of the region where |Fe v1] 
isemitted. In an expanding nebulosity exposed to a constant exciting nucleus, the change 
in ionization depends essentially on the ratio of the dilution factor and of the electron 
density. It is difficult to make any numerical calculations in the present case; but it does 
not seem reasonable to suppose that the expansion would give rise to almost complete 
disappearance of [Fe vu], while the rest of the spectrum is not fundamentally altered. 

There is, thus, no escape from the conclusion that the exciting nucleus must have 
changed appreciably during the last year. Such a change will influence the ionization of 
distant layers only after a certain lag, which evidently varies with the distance to the 
nucleus and with the density. [Fe v1] was probably excited in the region closest to the 
nucleus and should be first to react to a nuclear variation. It is well known that a post- 
nova nucleus fluctuates in brightness; and in case of a surrounding nebulosity this will 
obviously give rise to a variation of the excited nebular spectrum after certain relaxa- 
tion times Af, which are functions of the nebular density and of the distance from the 
nucleus. 

In the case of Nova Pictoris, which is the best representative of a nova with strong 
[Fe vu lines, these lines attained a maximum of intensity around 1932, compared to 
He 11 4686 and Ha, and then decreased during the following years. Actually, except for 
the width of the lines, the spectrum of AX Per in 1939 was very similar to that of N Pic in 
September, 1926.4 In N Pic, [Fe vu] 6085 was stronger than He 11 4686 in 1931-1932, 
whereas the opposite was true in 1933; in 1934, \ 4086 was the strongest line of the spec- 
trum, Ha came next, with \ 6085 nearly as strong. As the behavior of the intensity ratio 
of X 4363 and N, in AX Per is of the type observed in novae, the comparison to N Pic 
is justified. 

When Merrill observed AX Per in 1931-1932, the intensity ratio of \ 4363 and N,, V; 
was similar to that which we observed in January, 1941; no appreciable variation was 


39 Ap. J., 93, 356, 1941. 
4° Yet the possibility still exists that \ 4363 and N,—V, are not emitted in the same region. 


4" Spencer Jones, M.N., 94, 35, Pl. I, 1933. 
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observed by Merrill over a period of one year. It is tempting to think of some recurrent 
phenomenon. The presence of a variable red companion makes any connection with the 
light-curve rather problematic. 

During the period from January 15 to May 30, 1941, new changes have taken place. 
In May, |Ve 111] 3868.7 has again become much weaker than H 3888. In January, NV 11 
4040 was appreciably stronger than He I 4472, whereas the opposite is true now. N, and 
N, have decreased in intensity. Our spectrogram of May 30 extends to \ 3400 and shows 
that the following lines are present: [Ve v] 3426 (2), O 111 3444(0-1), and O 111 3759 (2); 
the two O 111 lines belong to the incomplete multiplets excited by He 11. [O m1] is absent. 
There is no definite evidence for [Fe vu].4"* 

Conclusions.—In all the five cases considered here the line-emission spectrum behaves 
in the same way as in novae in their nebular stages. On the whole, the density decreases 
in the shell, and the excitation increases; but the fluctuations of the novae also produce 
nebular variations, and in some cases the phenomena are recurrent. The similarity of 
the five peculiar binaries to novae is well established, but the ejection processes are in all 
five cases Slower than in single novae. 

The continued study of peculiar stellar spectra has brought out what looks like a very 
significant fact: whenever an otherwise normal stellar spectrum of advanced type, which 
is not expected to show emission lines, is complicated by forbidden and permitted emis- 
sions of excitations far beyond those normally associated with the types of these stars, we 
either find more or less conclusive evidence of the binary nature of these stars or, in a 
few cases, we find at least no obstacles to the assumption that a faint, hot companion to 
a late-type star excites the emission lines in a gas of very low density, which (in the 
case of a Sco) is distributed in the form of a small nebulosity around the system but which 
in other cases may well be concentrated in the outermost layers of the late-type com- 
ponent. 

The outbursts of Z And, RS Oph, and T CBr show that binaries of the type considered 
are subject to recurrent nova outbursts on a relatively small scale. But even though the 
similarity of the spectroscopic history of these binaries with typical large-scale novae is 
very striking, there is, as yet, no evidence that the physical causes of the outbursts are 
similar. 

y CASSIOPEIAE 


A brief account of the recent spectrographic history of y Cassiopeiae has been given 
by Wellmann.*? When our series of observations was started at the McDonald Observa- 
tory in January, 1940, the entire spectrum was dominated by sharp absorption lines of 
H, Het, and Fe 11 (Pl. VIII). There was a marked effect of dilution which showed itself 
in the enhancement of those lines of He 1 and Fe 111 which have their origin in metastable 
levels. The lines of 7, He1,Ou, Om, Sim, Sitv,C 1, C m1, V 11, and Mg 11 show, be- 
sides, the normal, rotationally broadened lines of a Bo star. Since the shell is strong in 
Fe ttand He 1 but shows no He 11, it probably corresponds to a state of ionization which 
is similar to, or slightly lower than, that of the reversing layer. 

During the past year the sharp absorption lines have gradually become weaker, and 
since about the first of the year all vestiges of the absorptions at He 1 3889 have disap- 
peared. From the beginning of January until the end of the series, some time in April, 
1941, the spectrum has resembled a normal, broad-lined absorption B star, with fairly 


‘ta Added in proof: Spectrograms of AX Per secured on August 2 and 8, 1941, show that [Fe VII] 
and [Ve V| have recovered their intensities and are now similar to those observed in 1939. 

# Beobachtungs-Zirkular d. A.N., 23, No. 3, 13, 1941; see also Struve and Elvey, Pub. A.S.P., 52, 
140, 1941; Swings and Struve, Ap. J., 91, 580, 1941; Baldwin, Ap. J., 93, 333, 1941; Struve and Swings, 
Harvard Announcement Card, No. 545, 1940; Struve and Greenstein, Harvard Announcement Card, No. 
551, 1940. 
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strong Ha emission but with only a faint suspicion of a central emission in the higher 
members of the Balmer series. 

During the course of the observations visual inspection of the plates led us to suspect 
that the fading of the sharp absorption lines was accompanied by a marked increase in 
the intensities of the underlying, rotationally broadened lines from the reversing layer. 
Since this phenomenon promises to throw some light upon the question of continuous 
absorption in the shell, 43 we give in Figures 1, 2, and 3 the contours of several lines meas- 
ured on our best plates. The accidental errors of such measurements are large, and the 
variations from plate to plate are perhaps not always real. In Figure 4 we show a com- 
parison of the mean contour derived from the first two contours of the series (when the 
lines of the shell were strong) and from the last four contours (when the lines of the shell 
were very weak or absent). These mean curves bring out the following results: 

1. Those of the underlying lines which are not complicated by emission or absorption 
in the shell—namely, the blend of several lines of O at \ 4070 and the blend of Si1v and 
O11 at \ 4089—show a marked strengthening in intensity and equivalent breadth; ap- 
proximately we can say that a point on the contour without shell absorption, correspond- 
ing to an intensity of go per cent of the continuous spectrum, has an intensity of 93 per 
cent when the shell produced strong and narrow lines. 

2. The hydrogen lines do not show the effect clearly: H,, 1,., and H,,; were unaffected 
by the disappearance of the shell, but in the wings of 1/6 the change was in the same direc- 
tion as in the lines of O 11and Si 1v. Why the wings of the higher members of the Balmer 
series fail to show the effect is not known, but it is reasonable to suppose that because of 
the prominence of // in the shell and because of the weakness of the wings of the higher 
members in the reversing layer there may be complications which do not exist in the case 
of Oirand Sitv. Adopting the formula44 


Hl _ V30 


H 


V3(ir+n)| . V3(1+7) | 
2silrtnt+— : 7 sinh V37,+ |Vitn+— : 4 aml a! 


which applies to the case of pure scattering, where 1, is the optical thickness of the shell, 
while » = \/x is the ratio of the absorption coefficient within the line to that of the con- 
tinuous radiation, in the reversing layer, we find for the undisturbed contour, when 
H'/H = 0.90: 


n = 0.25 
Three different values of 7, give: 
ry HH 
O.! 0.915 
2 93 
0.3 0.95 


The observations are best satisfied when 7, = 0.2. This appears entirely reasonable, as 
to order of magnitude, if we recall that the lines of the shell are strong and that, conse- 
quently, the continuous absorption of hydrogen must be appreciable. 

In the case of the hydrogen lines the presence of strong absorption lines from the shell 
must tend to distort at least those parts of the contour where the wings of the sharp line 
blend with the contour of the broad lines. In the case of emission lines there would be a 
distortion in the opposite sense, the emission edges tending to fill in the underlying line. 
It is impossible to allow for these effects numerically. 


43 Struve, Proc. Nat. Acad. Sct., 26, 117, 1940. 44 Proc. Nat. Acad. Sci., 26, 118, 1940. 
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F1G. 4.—The continuous lines represent the mean contours for January 31 and February 4, 1940, W hen 
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and January 7, 1941, when the lines of the shell were very weak or absent. Violet is on the right side. 
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14 COMAE BERENICES* 

Among the B stars several cases are known where rotationally broadened lines occur 
simultaneously with sharp lines of H, Fe 1, He 1, etc. These composite spectra do not 
originate from the accidental overlapping of the images of components in a binary sys- 
tem; they are caused in rapidly rotating stars which are surrounded by tenuous shells of 
gas whose pressures and thicknesses suggest structures which resemble the reversing 
layers of supergiant stars. A very remarkable representative of this unusual group of 
objects, among those of spectral class A, is 14 Comae Berenices, which was described by 
Morgan in 1932.4° Morgan found that Mg is very broad and diffuse, while several 
other lines, notably those of 77 1 and Sc 11, are fairly well defined. Among some five 
hundred bright A-type stars observed at the Yerkes Observatory, Morgan could list only 
one other star ‘‘which possesses a faint, diffuse \ 4481 when other lines in the spectrum are 
narrow.”’ This other star is 17 Leporis, whose spectrum had already been described by 
Struve and attributed by him to an expanding shell.47 

Because of the unusual character of the spectrum of 14 Comae we placed it upon our 
observing program at the McDonald Observatory and obtained the following spectro- 
grams: 





Mid-Exp , ‘ . , S ‘ 
Plate Date “ _ Dispersion Emulsion ote 
CQ 503 1941, Jan. 8 | 10:00 ; (Ar 3300-4700 
CQ 604 | 32232 40 A/mm at A 3933 Eastman Process 4 3600-4600 
CQ 614 1% | LESS | 3280-4900 
CG 615. 13 | 10:28 Process film pei 
‘G 616 3 2: \ d i: 
2. 7 oe 30 A/mm at A 4500 aeidden 
dogg ss Agfa Super Pan Press ’ 
CG 618 ue.) -F2°38) gia Super Pan Press 3900-6600 





The material obtained at the Yerkes Observatory contains, in addition to the spectro- 
grams discussed by Morgan, a number of excellent Process plates taken in 1932, 1933, 
and 1934 and covering the region \X 4000-4700 with a dispersion of 30 A/mm at A 4500. 
The photographic region has already been described by Morgan. Plate IX is a reproduc- 
tion of our spectrogram CG 616. There are several faint broad lines which had not been 
recorded by Morgan, but they show nothing unusual and clearly belong to a normal late 
A-type star whose lines have been greatly broadened by rotation and whose strong wings 
of the hydrogen lines give evidence of strong Stark effect and hence of low luminosity. 
The star is a member of the Coma cluster and as such belongs to the main sequence. 

There has apparently been no change in the spectrum during the last nine years: our 
new spectrograms CG 615 and 616 match almost exactly those taken at the Yerkes 
Observatory. 

The spectra taken in the ultraviolet region differ greatly from those taken in the photo- 
graphic region: they show a large number of sharp lines, and the rotationally broadened 
lines are weak or absent. This is partly due to the fact that Fe 11, which is principally re- 
sponsible for the diffuse lines, abounds in the photographic region but is quite infrequent 
between A 3300 and \ 3700. But we shall see that the effect is enhanced by the continu- 
ous Balmer absorption of the reversing layer, which cuts down the rotationally broad- 
ened lines but does not affect the sharp lines originating in the shell. 

That we are actually dealing with a shell will be shown in the discussion of H, Mg, 
Sim, ete. 


4S BS 4733, a 21%24™0, 6 +27°29’ mag. 5.15, sp. AS. 46 Ap. J., 76, 144, 1932. 
47 Ap. J., 72, 343, 1930; 76, 85, 1932; Pub. Yerkes Obs., 7, Part I, 28, 1929. 
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Table 4 gives a list of lines between \ 3287 and A 3945 which we have measured in the 
spectrum of 14 Comae, together with those measured on a recent plate of € Aurigae. It js 
convenient to compare 14 Comae with this cF2 supergiant, as well as with the cA2 
supergiant a Cygni. The ultraviolet wave lengths of the latter have already been pub- 
lished.4® The new list of e Aurigae is an extension of former lists made at the Yerkes Ob- 
servatory for the photographic region.4° The identifications are those for e Aurigae. 
They should be considered in the light of the notes at the end of Table 4, which also refer 
to the spectrum of e Aurigae. With the help of these notes it is in many cases possible to 
decide to what extent a blend may be serious. But it must be remembered that the cor- 
relation between laboratory intensities of any given element and stellar intensities is not 
exact. 

We proceed with a detailed description of the spectrum. The shell may best be com- 
pared with e Aurigae (cF2), which it resembles more than a Cygni (cA2). Most of the 
metallic lines of 14 Comae are much weaker than those of ¢ Aurigae, but a few of the most 
intense ultraviolet lines of 77 11 and the lines H and K of Ca Uare stronger in 14 Comae. 

H.—With the exception of Ha the Balmer lines are broadened and very diffuse. This 
broadening is caused by Stark effect, and the lines must originate in the A-type reversing 
layer. This is the only known case of a shell which is not conspicuous by its sharp lines 
of H. In order to test the occurrence of H in the shell, two spectrograms were taken in the 
visual region. Plate [LX shows that //a is narrow and sharp. It must belong to the shell. 
The last Balmer line in 14 Comae is /,s. Referring to the diagram by Unséld and Struve,s° 
we infer that for spectral type As, of the reversing layer, the corresponding luminosity 
must be low and the star must belong to the main sequence.*' The relative weakness of 
H in the shell shows that the temperature of the exciting radiation is low. 

He.—There is no He in the shell. A faint, broad absorption feature at \ 4025 could 
perhaps be the triplet line \ 4026. But \ 4472 and D, are definitely missing in the revers- 
ing layer. Hence we conclude that the spectral class of the reversing layer is A. 

Na I.—The lines D, and D, are strong and sharp. They must come from the shell, 
and their great intensity shows that the ionization is moderate and that the exciting 
temperature is low. The excitation potential is o, and the ionization potential is 5.1 v. 

Mg [.—The triplet AXA 3829, 3832, and 3838, which is present in Pleione’ and 17 
Leporis* is not definitely observed in 14 Comae. This may be due to overlapping with 
the strong wings of H,, in the case of A 3832 and A 3838; but A 3829 is also absent in 14 
Comae, although it is fairly strong in a Cygniand ¢ Aurigae. The lines A 3829 and X 3838 
come from metastable levels. The excitation potential is 2.7 v., and the ionization poten- 
tial is 7.6 v. The stellar line \ 4572 is probably entirely due to 77 11, and the Mg 1 inter- 
system line \ 4571.10 isabsent. The triplet AX 5167, 5173, and 5184 is not in the best re- 
gion of the spectrograms and has not been observed. 

Mg IT.—The line \ 4481 is present only in the reversing layer, as a very diffuse and 
shallow band whose rotational broadening corresponds to about 200 km sec. This fixes 
the spectral class of the reversing layer at about A5. The complete absence of Mg 11 in 
the shell is in harmony with the evidence from other shells and has been explained as a 
result of dilution.*4 


4 Q. Struve, Ap. J., go, 699, 19309. 
49 Frost, Struve, and Elvey, Pub. Yerkes Obs., 7, Part IT, 1932; W. W. Morgan, Pub. Yerkes Obs., 7, 

Part ITI, 1935. 

5° Ap. J., 91, 365, 1940. 

st This is similar to our conclusion in regard to another shell star, Pleione: Ap. J., 93, 446, 1941. 

52 [hid. 

53 Ap. J., 90, 730, 1930. 

54Struve and Wurm, Ap. J., 88, 84, 1938. 
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TABLE 4 


ABSORPTION LINES OF ¢ AURIGAE AND 14 COMAE 





e AURIGAE | 14 Com. BER. 
IDENTIFICATION IN € AURIGAE 

Int. r Int. 
3287 5 86 3 Ti 1 .67 (40) : 
3205 6 67 4 Fe .81 (6), - I .24 (4), Cr 1h .42 (30) 
3303 7 16 3n Fe 1 2.86 (4), NaI 2.98 (8) 
3308 .83 3 68 2 Ti tt 82 (8) 
3310.52 3 Crit .65 (18) 
3312.02 4 37 I Cr 11 1.93 (20), Crm 2.18 (18) 
3312.92 ° Fe .71 (1), Crt .08 (7) 


Fe .oo (1), Cr 1 .06 (1), Crt .57 (15) 


3313.90 2 ? - Fe 

3315.53 3 a Ios Ti 1 .33 (10), (Fe 11 .52 (pr)) 

3318.02 3 13 4 Ti 11 .03 (10) 

3319.18 I Ti 11 .08 (1) 

3321.68 4 57 2 Ti 1 .71 (25), (V 1 .54 (150)) 

3322.86 3 3.00 4 Ti 11 .93 (75), Fem 3.07 (8) 

3323.53 ° Ti 11 .40 (pr), Crit .53 (3), Fet .75 (7) 

3324.33 3 2 I Cr 11 4.06 (20), Crit 4.34 (12) 

3320.83 4 6 2 Ti 11 .78 (20) 

3328.30 3 33 i Cr tt .35 (12), (Fe 11 9.07 (2)) 

3329.58 4 65 4 Ti 11 .44 (70) 

3330.09 ° (Se 11 1.09 (3)) 

3332.10 5 23 2 Ti 11 .11 (30) 

3335-21 6 20 3 Ti 11 .17 (40), Cr tt .28 (30) 

3330.34 4 51 I Cru. ee ig .69 (20)) 

3337-71 3 Ti .85 (2), V 1 .84 (200) 

3335.50 2 Fett .52 (3) 

3339.77 3 <a : Siu 89 (3), Crit .80 (50) 

3340.47 3 Ti 1 .33 (35 

3341.70 5 2.01 3 Ti 11 .84 (100) 

2342.36 2 79 2 Cri 5. (so) 

3343 00 3 86 3 Ti it .78 (10) 

3344 69 fe) Zn 1 .94 (10) 

3340.68 4 57 2 Ft 1 -73 (15) 

3347.85 3 05 I Cr ti .83 (30) 

3349 11 ion 28 6 Tit .46 (125), Tim .oo (75), (Tin 8.91 
(10)) 

3350.56 I Ti 11 .51 (1) 

3351.86 2 2.20 on Ti ti 2.07 (5) 

2252 (60 3n 70 2 V 11 3.78 (30), (Ti 11 4.64 (60)), Sc 11.74 (20) 

3355.94 2 6.05 O° Fe 11 .26 (2), Zr 1 .10 (18) 

3357-39 2 17 Oo (Fe 11 .96 (o)), (Cr tt .40 (4)) 

3358 40 3 s§ 2 Fe ir .25 (3), Cri 50 (75) 

3359.82 2n 0.15 in Fett .10 (3), Cr 1 .30 (100), (Ti 11 .12 (pr), 
Fe 1 .31 (0)) 

3301.11 5 r . 7 It .19 (125) 

3301.97 2 45 = Se 1 .95 (8), (Cat 2.00 (35)) 

3302.72 fe) Tiu 65 ( “) 

3303.79 2 60 I (Se 11 .52 (1)) (Crm 3.71 (6)) 

3304.52 ° Fe .52 (5) 

3305.17 fe) Fett .64 (0), Fett .41 (1) 

3306. 25 2 5.99 in Tin ‘3 (8) 

3308.07 4n 07 3 Crt .o5 (150), (Fe 11 .63 (0)) 

3309.12 5n 8.93 in Feit .35 (3), (Tim .22 (2)) 

3370.78 ° 35 ° Fei .80 (10) 

3372.55 15n 55 10 Ti 1 .77 (100), (Ti 11 .23 (10)) 
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TABLE 4—Continued 


e AURIGAE 14 Com. BER. 
4 IDENTIFICATION IN € AURIGAE 
ny Int. ny Int. 
3374-34.----| 4n | 44 on Ti 1 .35 (8), (Nit 3.98 (4)) 
3370.44... 2n ks: Crat .72:(3), Cra .27 (5) 
2397 AT. ee lier: at? Cr 11 .36 (2) 
3378.48. 2 20 I Cr it .34 (20), Fel .69 (6) 
3379.66 2 - g Crit .82 (60), (Ti 1 .g2 (1)), (Sc It .42 (3)) 
3380.32. 4 P ' Ti 11 .26 (30), (Sr 11 .75 (50)) 
2251.62... re) Ae : (Fe 1 1.00 (4)) 
3382.74 4 96 2 Cr 11 .68 (60) 
3383-79 6 4.00 4 Ti 1 .77 (125) 
3385 . 29 ° 
3386.10 ° Fei .45 (1) 
3387.80 8 81 ‘ Ti .85 (50), (Fe 1 8.13 (2)) 
3388. 56 3 ; Ti 11 .76 (8) 
3301.43 3 81 Cr 11 .42 (60), (Fe 11.30 (1)), (Zr 11.97 (100)) 
3392.13 eb Ree Fet .62 (15) 
3393.02 I Cr It 3.00 (25), Nii 2.98 (100); (V 11 2.66 
r | 44 mn *  (50)) 
3393-79 ° Cr 1 .86 (30), (Se 1 4.29 (11)) 
3394.49 4 51 5 Tit .55 (40) 
3398 .39 In 72 on Fe 11 .36 (4) 
3399.58 2 Crit .54 (10), Fert .36 (15) 
3401.59 ° Fert .53 (6), (Nim .77 (2)) 
3402.59 2 30 on Ti 11 .42 (8), (Cr 1 .43 (20)) 
3403 .53 4 34 3 Cr It .32 (100) 
3405.11 I (Ti 1 4.96 (1)) 
3407.36 3n 17 2 Ti .21 (3), Fert .46 (20), Nim .32 (8) 
3408 .g2 5 81 4 Crit .77 (150) 
3410.07 3 18 2 Ti 11 9.82 (4), (Zr tt .25 (20)) 
3411.93 ° 
3413.45 I 96 on Fer .14 (15), (V u 4.19 (10)) 
3414.81 2 80 I Nit .78 (150), (Fe 1 .14 (2)) 
3415.99 2 6.07 on Fe 11 6.02 (5) 
3417.10 ° Ti 11 6.96 (2), (Fert .87 (12)) 
3418.73 ° Fel .52 (10) 
3419.81 ° Fe i1 0.18 (0) 


Cru .20 (75), (Crm .62 (4)) 


3421.30 6 07 4 

2422.90 5 77 5 Crt .74 (125) 

3423.92 I Fet .30 (10) 

3425-73 2 75 in Fe tt .58 (3) 

3427.10 I - Fei .13 (20) 

ee 57 I — ’ Cr it .g4 (6) 

3430.65 2 50 ° Zr it .54 (30) 

3432.5 ° 

3433-40 6 35 6 Cr It .30 (75) 

3430.11 an 18 ° Fett .11 (5) 

3437.09 I Zritt .15 (10), (Fert .06 (3)) 

3438 . 33 4 49 an Zr It .24 (100) 

3439.03 3 Mn 11 8.96 (3) 

3440 gO 4 73 I Fel .63 (150), Felt 1.02 (75) 

3442.19 ¥ 12 5 Mn 11 1.98 (30), (Fe 11 .24 (31)), (Fe 1 2.37 
(5)) 

3443-73 ° ; Fet .88 (so), (Ti 1 .38 (1)) 

3444. 28 5 35 5 Ti 11 .33 (30) 

3440.42.. 3 | .42 I Co 11 .40 (100), (K 1.72 (8)), (Nit .27 (100)) 

3448.40 "D+ a rere) eee .| Fem .43 (1), (¥Y 11.79 (10)) 


| g | | 
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3450 
3452 
3454 
3450 
3457 
3458 
3400 
3401 
3462 
3404 
3495 
3407 
3468 


3409 


3471 


3472 
3474 
3475 


3477 
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3479 
3479 
3451 
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3485 
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3488.7 
2459 
3491 
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3404 
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TABLE 4 


14 Com. Ber. 


r | Int 
27 mn 
05 I 
41 I 
37 18) 
50° 0 
85 fe) 
71 I 
ar | se) 
13 ° 
59 4 
83 2 
11 4 
94 I 
gl 3 
70 on 
72 3 
90 I 
10 4 
22 I 
gd re) 
O05 5 
SI I 
22 I 
55 3n 
OS fe) 
60 3 
41 2n 
32 I 
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Continued 


IDENTIFICATION IN € AURIGAE 





Fe .34 (10), (Fe 11 1.31 (2)), (Fe 11 1.22 (2)) 

Ti 11 .48 (4), V 11 3.09 (go) 

(Cr 11 4.98 (25)) 

Ti 11 .40 (20), Fe 1 .93 (5) 

V i .15 (300), Crit .62 (25) 

Nit .47 (125), Fer .31 (4), (Cr 9.29 (18)) 

Mn it .32 (20) 

Ti 11 .50 (20) 

Zr il 3.02 (35), (V 11 3.08 (4)) 

Fe 11 .50 (3), (Sr it .48 (50)) 

Ti .65 (3), Fet .88 (60) 

(Crit. tat.~.<)) 

Fe 11 .68 (8) 

V ir .53 (50), Fe m1 0.24 (1), (V 11 0.26 (20)) 

Fet .36 (6), (Cr 11 2.07 (15)) 

(Fe 1 .89 (0)), (Ni1 .55 (70)) 

Mn 3.97 (8), Mn 4.15 (8) 

Fe .46 (70), Cr 11 .13 (10), (V 1 6.25 (20)), 
(Fe .67 (6)) 

Ti ul .19 (15), V 1.51 (40) 

V I .96 (6) 

Zr It .39 (30) 

Fe 11 .gt (2), V 1 .84 (80) 

Zr it .16 (35) 

Mn .gt (12), (Cru .58 (. .. -)) 

Crit .15 (10), (Fe tm .35 (1)) 

V ut .o2 (250), (Fem .73 (1)) 

Fe 7.99 (3) 

Mn 1 .86 (10) 

(Ti 1 .75 (2)) 

Ti 11 .06 (10), Fe 1 0.60 (100) 

Feu .47 (10), V 11.16 (150), Ni I 2.98 (150) 

Fe it .67 (5) 

Mn 1 .84 (7), (Fe tt .62 (4)), (Y 1 6.09 (80)) 


/V 11 7.03 (200), (Fe 1 6.34 (0)), (Fel 7.10 


(10)) 
Mn .53 (6), Fet .84 (40), Zrit .go (12), 
(V 1 .39 (4)) 
Ti 11 .34 (2) 
(Co 1 .73 (200)) 
Fett .47 (2) 
Ti 11 4.88 (80), V 11 4.43 (400) 
Zr .49 (15), Zr it .67 (12), (Ti 1 .go (tr)) 
Fe tt .39 (3) 
Fei .2 
Tit .8 
Ti uu 8 
Crit .8 
Fe tt .72 (2), Ti tt 3.06 (tr), Crit 3.05 (10) 
Fe t .83 (30), Ni .93 (8), V 1 4.42 (20) 
Fe ut .82 (2), Ni 1.07 (150) 
Fei .41 (5), (V 11 .00 (5)) 
V 1 .30 (800) 
(Crt .65 (2)) 











310 P. SWINGS AND O. STRUVE 


TABLE 4—Continued 


(V 11 7.07 (5)) 
Mn t .o03 (40) 
Fe 1 .03 (1), (Ti 11 .24 (pr)) 


3540.88... 
3548.01... 
3549.08... 
3550-93 - 
3551.90.... 
bine 3? ae 
3553-90 
3554-98 


9.73 on 
Zr i .o6 (18) 

on (Fert .85 (3)) 
Fel .12 (4) 
Fet .94 (40) 


“I 
“I 


e AURIGAE | 14 Com. BrEr. 
— eee 7 ~ . iat \ = IDEN TIFICATION IN € AL RIGAE 
r Int. nN Int 
SEQ0.@4. 5.25: 4 43 2 Ti 11 .26 (20), V 11 .02 (120) 
$290.90... I Reus ee ee Zr it .85 (5) 
BEST OSB. «<6: 2 66 I V i .84 (go) 
S64 62. ...... 4 48 3 V 11.71 (200), NiI .54 (200) 
3520.25. 3 43 I Feit .04 (20), Fert .17 (15), Fert .48 (4), 
(Fet .26 (3)) 
3529.19 fe) (Crit .73 (2)), (Fert .82 (6)) 
3530.82 3 87 2 V 11 .76 (500), (V 1 1.48 (10)) 
3532-98. I 3.08 I Fe .65 (2), Fert 3.20 (10) 
3533.87. I 4.19 © Ti 11 .86 (2) 
3535-58 5 35 2 Ti tt .41 (40), Sc 1 .73 (15) 
3536.44 I , Fei .57 (15) 
3538.05... In 07 fe) V i .24 (50), (Mg 1 8.86 (6)) 
3490-87... .. ° Fe .55 (3) 
SEAE 0 .;)... I 08 on Fet .10 (15), V 11 .34 (50) 
OS ee y re I Fet .og (15), Zr U .63 (25), (V 1 .48 (4)) 
3544:20. .:.. C 7 Cos 
CLL te 7 II I V 11 .19 (1000) 
° 
I 
2 
° 
3 
I 
° 
2 


3550.70 6 57 4 V 11 .80 (1500), (Fe .go (7)) 
3558.51.....| 5 75 3 Se 1 .53 (20), Pet .53 (30) 
3560.64... 2 V 11.59 (90) 
3501.75 3 43 I Ti .58 (3), Ti 1 .go (1) 
2563.12.. ° (Cr 11 .g2 (5)) 
3564.34. I (Fe tt .52 (pr)) 
eis : Fet .40 (60), Ti It .30 (3) 
a 37-- v 5.72 3n ‘Fett .15 (3), Fem .os (2), V 1 .18 (200), 
cides dla 4 Nit .38 (100), (Ti 11 5.97 (6)) 
3567.69 4 84 2 Sc 11 .70 (20) 
3568.97. ° Mn 9.51 (60) 
3570.03 4 28 2 Fet .14 (100) 
4e7% 61. ° Crm .30 (3) 
3572.53. 6 57 6 Sem .55 (50), (Zr 11 .50 (30)) 
3573-83 3 75 I Ti it .74 (20) 
3576.58 9 40 5 Se 11 .35 (30), (77 m1 .38 (0)) 
3578 .C5 ° V 11 7.86 (20), Cr1 8.64 (200) 
3578.63. E: V wu .64 (15), (Tit .71 (0)) 
3579.87 o 
3581.10 10 05 5 Fet .21 (250), (Sc 11 0.93 (20)) 
3584.53 ° Fei .66 (8), ¥ 11 .52 (100) 
3585.52 9 al ” Cri .31 (60), Crit .54 (40) 
3587 .09 3 15 I Tita .15 (12) 
3587 .82 I V uw 8.13 (15) 
3589.75 5 er V it .75 (1000), (Sc 11 .63 (10)) 
3590. 36 2 ? Sc 11 .50 (10) 
3592.09 4 02 I V 1 .o1 (800) 
3593.44. 4 45 I V 11 .32 (600), Cri .50 (160), (Ti 11 .08 (21)) 
3594.50. . nh Seriecan eres ..| Fer .64 (8) 

















3590 
3597 
3000 
3002 
3003 
3005 
3606 
3608 
3010 
3011 
3613 
3013 
3615 
3617 
3019 
3021 


3023 
3924 
30260 
3627 
30290 
3630 
3631 
3933 
3035 
3030 
3640 
3041 
3042 
3945 
3647 


3949 .. 


3050 
3651 


3955-45 
3955.4 


3959 
30061 


30602 4 


3063 
360604 
30006 


3607 
30609 
3071 
3973 
3974 


3070. § 


3677 


3979.: 


36082 
3085 
3687 
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88 


90 


88 


03 
22 


28 


on 


4n 
in 
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gn 
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IDENTIFICATION IN € AURIGAE 





Ti 1 .06 (60), (Ti 11 .56 (tr)) 


) 
Y 11 1.92 (100), (Fert .55 (3)) 
Cr 11 .80 (30), (Cr 11 .86 (10)) 
Cri .34 (140), Fet .48 (15) 
Fei .70 (20) 
Fe 1 .87 (100) 
Y 11 1.05 (200), (Fe .17 (20)) 
Fet 2.08 (8), (V 11 .58 (10)) 
Ti 1 .33 (pr), Crm .21 (20) 
Sc 11 .81 (100) 
Fe 11 4.87 (5) 
Fet .80 (12), (Cr 1 .32 (5)) 
V 11 8.92 (200), Fe 8.78 (125), Nit .40 (150) 
Fe .27 (6), Vm .20 (150), Fert .47 (15), 
Fe 2.00 (12) 
Fet .19 (8) 
Ti 1 .84 (70), Fem .89 (5), V 11 5.61 (50) 


Y wt 8.71 (100) 

Sc 11 .74 (100) 

Fett 2.29 (3), Crit .49 (50), Crit .72 (25) 
Y 11 .14 (200), Zr .51 (10) 

Ti .35 (pr) 

Crit .44 (pr) 

Fet .40 (15) 

Ti 11 .34 (100) 

Sc 11 .83 (50) 

Set .30 (15), (V 11 .gt (30) 
Fei .85 (100), (Cr 11 .38 (5) 
Feit .51 (12), Fer .30 (5) 
Crit .37 (20) 

Sc 11 .80 (20) 


) 
) 


Fet .47 (4) 

(Vin .27 (10)), (H33 9.42 (....)), (Ass 
$.42(. ... .)) 

Ti 11 .76 (60) 

V 11 .38 (200), Hz: .22 (....) 

Ti 11 .24 (40), (H30 .26 (... .)) 


By 4206...) 

H.s .68 (....), VY 1 .62 (150), Ti 1 .83 (pr) 
H,, .10(....), (Ti 11 .60 (o)) 

Hwy 68... ) 

H.s .47(....), V 1.41 (300) 

By 48 ow) 


|) a eee) 

V 11 .69 (30), Zr it .73 (40) 

Ba cht. .0 

Cr 11 .86 (30), (Sc 11 8.36 (3)) 

Hx, .36(... .), Fe 1.92 (40), (Ti 11.69 (pr)) 
| ee 

Ti 11 .20 (250) 

Hyg 6.83 (....), Fet 7.47 (40) 
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TABLE 4 


14 Com. BER 


d Int. 
02 Inn 
08 3nn 


Si® 
wns 
BSS 


45 4n 
55 4nn 
O05 3 
8S 0 
35 2n 
IQ 2 
SO 1on 
83 5 
64 3 
95 4 
600 r5n 
07 I 
14 Pa! 
30 0 
SO I 
30 15n 
oo 3 
7O Z 
14 In 


Continued 


IDENTIFICATION IN € AURIGAE 


Fet .47 (12) 

Hx3.500G « +3) 

Fe t .03 (20), ( 

Bie SBS Cos 

Crit 8.00 (15), Zr 11 8.17 (100) 

V 1 .34 (200), (V 1 .13 (40)) 

Feit .10 (20) 

Hy 80 (. ‘i .) 

Ca 1.04 (10), Fe 5.58 (100), (77 11 .22 (20)) 

Fet .83 (20) 

Fet .26 (75), Zr it .28 (60), (V m .34 (40)) 

V 11 .29 (500) 

i. -O7 ‘¢ oe .) 

Crt .97 (40) 

V 1 .47 (1200), Crit .19 (20), Cr .45 (18) 

V 1 .16 (60) 

Fet .95 (250) 

He, oa. «....), (201.64 (rs) 

Ti 11 4.09 (1) 

Fe 1 .30 (3) 

V 11.35 (1000), Fe .64 (50), V 11 8.34 (200) 

Zr it .26 (35) 

V 11 .76 (800), (Fe t 3.33 (40)) 

Be 39 Gx «Jy Pet 881300) 

Call .o2 (11), Fer 7.14 (150) 

Cr ir .38 (15), Fer .31 (10) 

(Fer .53 (3)) 

Ti 1 .65 (50) 

V i .61 (40) 

V i .81 (800), Fert .58 (100) 

Zr Il 5.97 (40) 

Fet .27 (60), Tilt .oo (10), Fe .49 (8), 
Crit .68 (5) 

H;, x6 (...«.); Fer 6.50 (200), (Vm 88 
(600)) 

Fet .62 (8) 

Crit .59 (12) 

Ti 11 .69 (30), Fert 8.25 (150) 

Ti 11 .30 (200) 

Tit .32 (200), (Tim .88 (15)), (Cr ir .go 
(4)), (Crit .69 (4)) 

Fe .80 (100) 

Crit .62 (8) 

Fet .21 (80), Zrit .82 (25), (Cr 6.65 (2)) 

Nit .46 (5), (Fe 0.00 (4)) 

H,, 63.(.....), (fat «42 Gx), (Y & -07 
(400)) 

V 11 .g6 (80) 

Ti 1 .65 (2), Y 11 .33 (300) 

Ti 11 .06 (6), (Y 11 .56 (75)) 

V 11 .36 (100) 

(Fer .43 (3)) 

Fem .51 (1) 

Feu .35 (4) 

Ti 11 .33 (2), (Fer .68 (8)) 

Fet .89 (50), (V 1 .24 (150)) 


Cr 4.98 (2)) 











3975 
3578 
3580 
3882 
3884 
3886 
388Q 
35g0I 
3593 
3595 
3897 


3809... 
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Y 11 .70 (200) 

Fet .10 (12) 

Feit 5.01 (60) 

Bye Ot. « <.) 

Fet .56 (50), Ti 11 .79 (tr) 
(Fe t .68 (3)) 

Fe 11 .o5 (0) 

Fet .35 (12) 

Fe 6.72 (10), Fel 7.55 
(Fe 1 8.74 (4)) 


Ti 11 .60 (4) 

Fe .85 (100), (Fert .35 (4)) 

Y 1 .35 (60) 

Fei .44 (250) 

Feu .97 (pr), (Fe 1 2.74 (3)) 

Fet .45 (50), (Fem .gt1 (4)) 

Fe t .89 (200) 

Fet .83 (75) 

Mgt .37 (40) 

Mgt .31 (80), (¥ 11 .89 (100)) 

Fe t .24 (100) 

is: 30:G.. : 2) 

M gi .30 (100) 

Fet .45 (80), Fer 1.06 (80) 

Fet .27 (8), Zr it .06 (30), Mn 1 2.98 (1), 
(Sc 11 3.06 (4)) 

(Cot .47 (60)) 

V 11 .32 (100) 

Fet .o8 (40) 

Fet .83 (12), (V1 .41 (7)), (fg .40 (6)) 

Fet .58 (6), (V 11 .10 (4)) 

Sim .67 (3) 

Si tt .03 (8), Fer .38 (50) 

(Nit .31 (40)) 

Fe! .Q2 (300) 

Sit .60 (6) 

Fett .o5 (1), (Fett .41 (1)), Vm .81 (60) 

Crit .59 (20), Fet .54 (30), (V1 .72 (5)) 

Fert .23 (7), (V 11 6.74 (60)) 

Fe .76 (4), Fert .56 (3) 

rel 61 (60) 

1 6.05 (4), (V 1 .67 (5)) 

"eI .58 (100), (Fel .03 (60)), (V 11.72 (300)) 

Fe .78 (1) 

(Mn 11 3.28 (3)) 

V 1 .85 (50) 

Fei .30 (40), (Fet 7.06 (15)) 

Hs 68 6...) 

Crit 2.14 (2), (Mgt .o8 (3)) 

Fei .40 (7) 

Fet .67 (25), (V 1 6.16 (60)), (Mg 1 .66 (5)) 

Fet 8.02 (10) 

V 11 .16 (200), Fert .72 (30) 


S~ AS AS 
wins & 
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TABLE 4—Continued 





| 
e AURIGAE | 14 Com. BER. 
aa aaa aa ‘Guana: Seaman IDENTIFICATION IN € AURIGAE 
r Int | nN Int. | 
3900.56..... 7 13 5 | Ti .54 (70) 
200304. .... RP Te sae ar ...| Fet 2.96 (20), V1 .27 (250) 
3006.50.....| 6 59 gn | Crit .64 (18), Fe 6.04 (5), Sit .53 (10) 
3908.71 I> CW deta otra tak cee eine eociah a Ce ene eee eee erent Seer wou. Moke ecg 
2000.34...... Bl Bbsisttroses | Fer .84 (3) 
3911.14 I a iste ERLE rer eRe cent NC et als Polmeeega cite ee 
3913.63 10 36 5 | Tim .47 (60) 
3914. 24 3 | Vuait.33 (250), Fe .48 (2) 
2010-35... 3 Lax a ey ras V 11 .42 (200) 
3918.48..... 2 49 I Fet .65 (6), (Fet .33 (3)), (Mn 1 .32 (3)) 
3920. 38 3 35 I Fel .27 (20) 
3922.99 an See ealeaa Fel .g2 (25) 
3924.59 I (Ti 1 .53 (50)) 
3926.10 I Fer 5.95 (6), (Vir .32 (5)), (V 11 .50 (10)) 
3927.85 2 Fel .94 (30) 
3930.18 3 Fet .31 (25) 
3933.83 30 Ca 1 .68 (400) 
3936.12 2 Fett 5.94 (6), Zr 11 .06 (7) 
3938.65 6 Feit .97 (4) 
3941.49 m Fe1 0.89 (5) 
3944.08 2 AL? .02 (10) | 
3945.18 3 Cra .rz(. .:. .), Hei 23) (pr) 


NOTES TO THE IDENTIFICATIONS OF TABLE 4 


new In e Aurigae the Balmer series extends to H.,. Higher members, up to H/;,, appear 
only as blends. In 14 Comae, Hs is the last hydrogen line measured. 

Nat. 3303 is blended with a line of Fe 11. 

Mgt. 


Laboratory 4 100 
Star : 4 4 


Mg. Uncertain in the ultraviolet region, but \ 4481 is strong in e Aurigae. 
Alt. 3944 is the only line. 
Alu. Three lines near \ 3587 may contribute to star line 77 11 3587.15. 
Sit. 3905 probably contributes to a blend with Fe 1. 
Si It. 
Laboratory y. SG: 8 
Star = “soe 
Su. Absent. 
Clu. Absent. 
Ki. 3446.72 may be present as a blend with Cou and Ni 1. 
Ki. Absent. 
Cat. Several weak lines may contribute slightly to a blend with Sc 11. But \ 3644 is ab- 
sent. In the ordinary photographic region \ 4227 is strong. 
Catt. Several lines are present: 


Laboratory 10 400 
Star 10 30 
Sct. Probably absent. 
Sei. 
Laboratory 10 20 50. 100 
Star ; 3 4 6 7 


Tit. 3924 (50) may be present. But A 3653.50 (100) and A 3642.68 (80) are absent. 








Ti I. 


VE 
V i. 


Cri. 
Cri. 


Mnt. 


Mnu. 


Fe tl. 


Col. 
Co Il. 
Nit. 
Nin. 
Zn. 
Ort 
Sr it. 
Fu 

Y i: 


LP 2% 
Lf 1h. 


Mou. 
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Laboratory pr tr I 2 3 4 8 10 
Star. ... ° o oO-I I 2 3 3 3-4 
Laboratory 15 20 30 40 50 60 80 100 
Star.. 4 4 5 5 6 6 7 10 
Probably absent. 
Laboratory 6 10 15 20 5° 80 go 100 
Star ° © O-I o-! I I 2 2 
Laboratory 200 250 500 600 800 1000 1200 
Star ss 3 3 4 5 7 10 
Uncertain. Laboratory intensity 200 is about o in the star. 
Laboratory I a4 8s 7 Io 12 
Star Obs. Obs.-o o I 2 3 
Laboratory 15 30 60 100 150 
Star 3 mm 4 § Ss 
Quite doubtful. 
Laboratory 50 «= 60 
Star Obs.-o ° 
Laboratory ,. 16 @2o 30 
Star 4 4 6 7 
Laboratory 4 5 6 8 10 12 15 20 
Star ° ° o o-! I I I 2 
Laboratory 40° 50 «75 80 100 200 250 
Star 3 |4 ‘ 5 5 5 6 
Laboratory ° I 2 3 4 
Star ° ° I 2 2 
Laboratory 5 6 & 6 
Star 2 2-3 3 4 


d 3405.1 (150) may contribute to the star line 77 1 3404.96, but Co I 3453.5 (200) 


is not present. 

The strongest lines \ 3501.73 (200) is probably present. 
a Cyg, n Leo, and a CVn. 

Probably contributes only to blends. 


This line is also present in 


Probably contributes appreciably to several blends, especially to star line \ 3769.67. 
d 3344.94 (10) is probably present, with stellar intensity o. 


Absent. 
Two lines in this region contribute to blends. 
Absent. 


Laboratory 50 100 200 300 
Star I I-2 2-3 3 
The strongest lines are uncertain because of blends. 
Most strong lines are blended. 
Laboratory Ss 4-26 
star. I I-2 2 


Absent. 


Batt. 3891.78 (50) may contribute to a blend of stellar intensity o. 


Lau. 


Because of blends no lines were identified. 
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Si I7.—All excited levels of Si 1 are depopulated by the dilution of the radiation. The 
very faint diffuse feature near \ 4130 must come from the reversing layer. The lower 
levels of these lines and of the group near \ 3860 are not metastable. The excitation po- 
tentials of the two groups are 9.8 v. and 6.8 v. The ionization potential is 16.3 v. Our 
observations of Pleione and of y Cassiopeiae, where the excitation temperatures are high, 
show conclusively that the weakness of Sz 11 and Mg 01 in all shells cannot be attributed 
to the relatively high excitation potentials of these lines. 

Ca I.—The ultimate line \ 4227 is moderately strong in the shell. In Plate [IX a weak 
diffuse line flanks the Ca 1 line on the violet side. This may be the Cr 11 line \ 4225 of the 
reversing layer. The excitation poetntial is o, and the ionization potential is 6.1 v. 

Ca II.—The lines H and K are exceedingly strong and must belong to the shell. 
Their excitation potential is o. The normal, excited lines \ 3737 and A 3706 are both 
blended with strong lines of Fe 1. However, since Fe 1 is relatively weak, we infer that the 
excited Ca 11 lines are present, despite the fact that their lower levels are not metastable. 
They are, however, much weaker in 14 Comae than in ¢ Aurigae (see Pl. X), while the 
reverse is true for Hand K. If the excitation temperatures of the two sources are similar, 
the product of the ratios 


3706 (e Aur) _, 3934 (14 Com) 
3706 (14 Com) “" 3934 (¢ Aur) 


suggests a dilution factor of the order of 10, The excitation potentials of the excited 
lines are 3.1 v. The ionization potential is 11.8 v. 

Sc IT.—All observed lines come from the ground level, aD, or from low metastable 
levels and are very strong in 14 Comae. These lines are also strong in 17 Leporis and 
fairly strong in Pleione. \ 4246 has no diffuse underlying line from the reversing layer. 

Ti IJ.—The lines of 77 11 are numerous and strong in the shell. In the photographic 
region the stronger lines (AA 4300, 4308, 4395, 4399, 4444, 4408, 4563, 4572, etc.) have 
broad rotational lines underlying the sharp cores. These broad lines come from the re- 
versing layer, and fix its spectral class at about A5. The strong 77 11 lines in the ultra- 
violet region (AA 3323, 3349, 3372, 3394, 3402, 3535, 3599, etc.) show little or no diffuse 
underlying absorption, although the contrast of the emulsion used in the ultraviolet re- 
gion was at least as good as that of the photographic region. 

Table 5 lists those 77 11 lines of Table 4 which are substantially unblended. All lower 
levels are metastable. The comparison does not include the ordinary photographic re- 
gion, partly because the 77 11 lines there are more complicated by the broad underlying 
absorptions and partly because we had no suitable plates of « Aurigae. The multiplets 
in Table 5 are arranged in the order of increasing excitation potential of the lower level. 
Within each multiplet the lines are arranged in order of decreasing laboratory intensity. 

The table shows the following effects: 

1. Within each multiplet the strongest lines are of more nearly similar intensity in the 
two stars than the weaker lines. Lines of laboratory intensity 70 or more are practically 
identical in e« Aur and 14 Com. The faintest laboratory lines are much weaker in 14 
Com. This effect is easily explained as a consequence of the curves of growth: 14 Comae 
presumably has larger turbulent velocities than e Aurigae. Since for the latter the curves 
of growth begin to bend over for lines whose equivalent breadths are of the order of 
o.5 A—which in e Aurigae corresponds to 77 11 lines of intermediate strength—we infer 
that the more turbulent velocity of 14 Comae must be greater than 20 km/sec®5 and may 
be of the order of 30 or 40 km/sec. This estimate agrees with the fact that with sufficient 
dispersion the lines of the shell are appreciably broadened. 


55 Struve and Elvey, Ap. J., 79, 435, 1034. 
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2. Lines of similar laboratory intensity have a tendency to become relatively weaker 
in 14 Comae as we pass from low to high excitation potentials. This effect is probably 


TABLE 5 


UNBLENDED LINES OF 77 I 


INTENSITY 
MULTIPLET dr E.P. ek Sana 
Lab e Aur 14 Com 
aiF —z4G° 3301.10 0.05 125 5 7 
3383-77 0.00 125 6 4 
3394.55 0.01 40 4 5 
3409 .82 0.03 4 3 2 
b+F —z4G° 3444. 33 6.15 30 5 « 
3461.50 0.13 20 5 6 
3489.75 0.13 2 | 3 I 
3500. 34 0.12 2 3 I 
biF —z‘F*. . 3322.93 0.15 "m= {| 2 4 
3329.44 0.13 7 + 4 
3326.78 O.1! 20 4 2 
3340.73 0.13 15 4 - 
3318.03 0.12 10 3 3 
3343.78 0.15 10 3 3 
a?F —z4D° 3596.06 ©. 60 60 4 4 
3573-74 0.57 20 3 | I 
3587.15 0.60 12 3 I 
3561.55 0.57 3 3 I 
wvF —z?7F° 3759.30 0.60 200 6 8 
3701 . 32 0.57 200 8 6 
vk —zD° 3085.20 0.60 250 10 10 
vG—z?G° 3Q00 . 5. BE. 12 70 ri 5 
3913.47 oe 9 60 10 5 
v2P—2P° 3366.18 1.23 8 2 I 
3352.07 b.22 5 2 ° 
a?P —z?S° 3641. 34 1.23 100 5 2 
bsP —z4S° 3332.11 1.24 30 5 2 
b?D—y’F° 3059.70 1.55 60 4 I 
3062.24 1.50 40 4 I 
be?D —y?D° 3741.05 1.58 50 7 3 
3770.00 1.55 0 4 2 
b?G—y?G° 3510.85 1.88 60 5 3 
3509 .85 1.55 3 I A* 


* A = absent 


real (although it is complicated by the effect mentioned in [3], below) and suggests that 
the excitation temperature of the shell of 14 Comae is lower than that of ¢ Aurigae. It 
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will be recalled that in Pleione®* the opposite phenomenon appeared in Fe 11 and prob- 
ably in 77 11, when the shell was compared with a Cygni. 

3. The weakness of AX 3641, 3660, and 3662 in 14 Comae may in part be attributed to 
the excitation phenomenon discussed in (2). But Plate X shows that the weakening of 
\ 3660 and X 3662 is especially conspicuous. These lines lie close to the Balmer limit, 
but it is difficult to see how continuous hydrogen absorption can produce the observed 
phenomenon. If our interpretation of the shell of 14 Comae is correct, its hydrogen is 
very little excited because of the low excitation temperature, and continuous hydrogen 
absorption in the shell must be inappreciable; there is no noticeable break in the con- 
tinuous spectrum at A 3647. The continuous absorption of the reversing layer is irrele- 
vant. In e Aurigae we should expect, if anything, a weakening of the 77 11 lines in the re- 
gion where the Balmer lines are no longer separately visible. The strength of the Scn 
lines (AA 3643, 3652, etc.) suggests that Balmer absorption is not appreciable. The pe- 
culiar weakness of the 77 11 lines remains a puzzle. The ionization potential of 77 11 is 
T2:0)¥.. 

V II.—All lines come from low metastable levels and are weak in 14 Comae. The 
ionization potential is 14.1 v.—almost identical with that of 77 1. It is, therefore, diffi- 
cult to understand why V 11 is weak, while 77 11 is strong. 

Cr I1.—All lines come from metastable levels having excitation potentials of 2-3 vy, 
and are moderately strong in 14 Comae. The ionization potential is 16.6. v. 

Mn IT.—A\l lines come from metastable levels a5S and a5D of excitation potential 
1.7 v. and 1.8 v., respectively. They are strong in 14 Comae. The ionization potential 
IS 15.7 V. 

Fe I.—Many lines, all from metastable levels or from the ground level, are present. 
Low-level lines—for example, \ 3441, €.p. 0.0 v.-are present in the shell of 14 Comaeand 
are perhaps relatively a little stronger than lines of higher excitation potentials—for ex- 
ample, A 3570, €.p. 0.9 V.; A 3764, e.p. 1.0 v.;and A 3816, e.p. 1.5 v. All lines are weak in 
14 Comae, but the curve of growth effect described for 77 11 is unmistakably present. In 
the ordinary photographic region all Fe 1 lines are broad and diffuse, coming, as they do, 
from the reversing layer. There is a faint suspicion of a faint, narrow core in \ 4045. 
The marked weakness of Fe 1 in the shell of 14 Comae is difficult to understand. The ion- 
ization potential is 7.8 v. 

Fe IT.—These lines are remarkably weak in 14 Comae. In the ordinary photographic 
region only the strongest—AA 4233, 4352, and 4583-—have weak narrow cores. The broad 
rotational lines from the reversing layer are strong. In the ultraviolet region we have ob- 
served relatively few lines of Fe 11, but those that do appear show but little evidence of the 
rotationally broadened lines. The narrow lines are weak. The lines of low excitation 
potential (A 3296, e.p. 1.1 Vv.) are relatively stronger in 14 Comae than the lines of high 
excitation potential (A 3469, e.p. 4.1 v.). The number of reasonably unblended lines is 
small, and no further discussion is possible. The disappearance of the rotationally 
broadened lines in the ultraviolet region is very conspicuous and must be attributed to 
continuous Balmer absorption in the reversing laver. The effect is, thus, the same as the 
one which has been observed in several normal A stars.5? The ionization potential is 
16.5 V. 

Ni IT.—These lines are very weak in 14 Comae. The ionization potential is 18.2 v. 
The lines are strong in Pleione and intermediate in 17 Leporis. The effect must be due 
to the lower ionization in the shell of 14 Comae. 

Sr IT.—The ultimate lines, \ 4078 and \ 4215, are very strong in the shell. Since the 
ionization potential is 11.0 v., we see in this a confirmation of the relatively low ioniza- 
tion of the shell. 


86 Loc. cit. 


s7 Struve and Sherman, Ap. J., 91, 428, 1940. 
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Y [1.—These lines, all from low metastable levels, are fairly strong in 14 Comae. The 
ionization potential is 12.3 v. 

The preceding notes are summarized in Table 6, which should be compared with 
similar tables for Pleiones* and 17 Leporis.’® It is clear that three effects dominate the 
spectra of these shells: 

a) Dilution weakens Si 11 and Mg 11. 

b) Excitation favors low-level lines in 14 Comae, as compared with 17 Leporis, and 
favors them in 17 Leporis, as compared with Pleione. 

c) Ionization is highest in Pleione, intermediate in 17 Leporis, and lowest in 14 Comae. 

Except for the effect of dilution, the spectrum of the shell superficially resembles that 
of a supergiant star of spectral type F, thereby providing another example for the gen- 
eral rule that the shells correspond to later types than the exciting stars. But there are 


TABLE 6 


ELEMENTS IN ORDER OF DECREASING INTENSITY RATIO: 14 COM/e AUR 


Element Cau Val Sri Seu Yu Tiu Mnu Cru 
LP. 11.8 ory I1.o 12.8 12.3 13.6 ee 16.6 
Average E.P o-3 O ° 0-0 .3 o-! I 1.8 2-3 
Element Vu Vin Fer Feu Mgt Si i Meu 
LP. 14.7 18.2 ae 10.5 7.0 10.3 15.0 
Average E.P I 3 O-1 1-4 2.7 7-10 9 


many anomalies which make it impossible to locate the shell within the normal two- 
dimensional spectral classification: 

a) The sharp // lines are much too weak for class F. 

b) The Fe 1 lines are too weak for class F, or later. 

c) The Fe 11 lines are too weak for class A, or earlier. 

d) The Ca 11 lines H and K suggest late class F, or G, but this is violated by the Fe 1 
lines. 

e) The exciting radiation seems to be, if anything, of a lower temperature than in 
e Aurigae (cF 2), but the spectral class of the reversing layer is estimated to be about As. 
This discrepancy may perhaps be due to the uncertainty of the spectral class of the 
supergiant e Aurigae. 

f) Some of these anomalies are consistent with the idea that the pressures within the 
shells are somewhat lower than those of the reversing layers of the supergiant comparison 
stars (a Cygniand e Aurigae). In our discussion of Pleione we estimated a pressure with- 
in the shell of 0.1 bar, while the average pressure in the atmosphere of a red giant is about 
1 bar. Hence, we should expect that ionization would be favored in the shells, while ex- 
citation is impeded. 

YERKES OBSERVATORY 
AND 
McDONALD OBSERVATORY 
May 1941 


5 Ap. J., 93, 446, 1941. 
% Ap. J., 90, 734, 1930. 








THE SPECTRUM OF COMET CUNNINGHAM, 1940c* 
P. SWINGS, C. T. ELVEY, AND H. W. BABCOCK 


ABSTRACT 


Slit spectrograms of Comet Cunningham secured at the McDonald Observatory reveal well-resolved 
ultraviolet bands due to OH and NH; only the lines of low rotational quantum number are observed, as 
in the case of CH. The abundances of OH and NH molecules seem to be of the same order as that of CN. 
Each branch of the violet bands of CN has two maxima, one corresponding to a rotational distribution 
for T ~ 400° K and one corresponding to 7 ~ 50° K. The tail bands of CN are absent. The authors dis- 
cuss the variation with heliocentric distance of the relative intensities of the vibrational transitions. The 
rotational intensity distribution and the extension of the different bands in the head have been investi- 
gated. The cometary bands of CH belonging to the two electronic transitions, A?A — x?II (near \ 4300) 
and B?>~ — x?II (near A 3900), are described. The bands observed between Xd 4000 and X 4130 are dis- 


cussed but remain unidentified. 

Twenty-four spectrograms of Comet Cunningham have been secured with the Casse- 
grain spectrograph of the McDonald Observatory between September 20, 1940, and 
January 6, 1941. Inall cases the nucleus was kept on the center of the slit without trail- 
ing; only the spectrum of the head was considered. For the plates used in the present 
discussion the dispersions and the projected slit widths are given in Table 1. The emul- 


TABLE 1 
OBSERVATIONAL MATERIAL 


Projected Slit 


Wave-Length Prisms and Dispersion : 
: - Width in 
Region | Camera in A/mm 
Angstroms 
3090 quartz f/1 909 1.34 
3360 quartz f/1 137 1.86 
3870 glass f/1 89 1.21 
4050 glass f/1 112 bs 
4300 glass f/1 145 1.97 


sion used was Agfa Super-Pan Press, and the instrumental wave-length limit of our spec- 
trograms was \ 6420. On most nights a spectrogram was taken of a star of solar type 
with the same instrument. This was intended to avoid confusion between emission fea- 
tures and spacings between solar absorption lines or bands. Such a difficulty arose only 
in the case of cometary features, such as the CH lines, which are concentrated in, or are 
very near, the nucleus and appear in a region of strong solar background. It was much 
less pronounced in Comet Cunningham than in some yellowish comets scattering a larger 
amount of solar light compared to the molecular bands. 

Our spectrograms reveal several new bands and some new features in known bands. 
It is the purpose of the present paper to discuss these new observations and their connec- 
tion with the physical processes occurring in comets. The identification of new molecules 
in itself may help considerably in interpreting the essential physical cometary problems. 
It is well known that the primary process in the generation of cometary atmospheres is 
the liberation of occluded gases from the meteoric particles.' Subsequent photodissocia- 


* Contributions from the McDonald Observatory, University of Texas, No. 38. 
t The evaporation becomes important at small distances from the sun. 
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tions of these primary gases will produce simpler molecules, some observed and some un- 
observable. In previous discussions of the primary molecules the absence of NH and OH 
has sometimes been emphasized,? whereas the present paper will show that these two 
molecules are abundant. 

The connection with interstellar molecules is also evident. The intensity distribution 
in cometary bands of heteronuclear molecules corresponds to a fairly low temperature— 
sav of the order of room temperature; the interstellar molecules show a distribution cor- 
responding to about 2° or 3° K. The comets thus represent an intermediate step between 
the laboratory (or stellar) and the interstellar intensity distributions in bands, and the 
cometary observations may help in predicting or interpreting interstellar molecular 
lines. 

All our observations, including those of the new bands of OH and NH, agree with the 
hypothesis that the luminosity of the cometary gases is due to fluorescence excited by 
solar radiation. 


I. BANDS OF OH 


The region AX 3078-3100 shows seven sharp and strong lines which are due to the 
(o, o) transition of the 72+ — ?Iljny system of OH. These lines are seen in Plate XIV, and 
their microphotograms on three different 
dates are given in Figure 1. Besides those 
lines, several weak emissions appear be- 
tween A 3134 and A 3152 and are presuma- 


bly due to the (1, 1) band; finally, two v sr, te fe TMA ry | 

other extremely weak lines may be at- VV Yoh] 

tributed to the (2, 2) transition. The Tht 1 Fu 

wave lengths of these lines measured on t T 

three spectrograms and corrected for ot 

radial velocity are listed in Table 2; the t 

laboratory wave lengths are taken from 

L. Grebe and O. Holtz} (bands 0, o and 

1,1) and from O. H. Dawson and H. L. eek ean 38 hen ae 
Ry 


Johnston (band 2, 2). The observed lines 1.03 0.87 0.63 
of the (0, o) transition are represented in 
x ag Fic. 1.—Microphotometer tracings of the OH 
Figure 2. a es 
AE ey ee a heed of (ai band in Comet Cunningham on December 8, 16, and 
j rhe evidence lor the (1, 1) band of € 28, 1940. Emission lines are represented by down- 
isnot quite conclusive, as the linesarising ward deflections. 
from the lowest rotational levels of the 
(o, 0) Fortrat band of CH (c ?2* — x?II) would appear in the same region. The two 
other electronic systems of CH (A?A — x’II, near \ 4300, and B?2~ — x?II, near d 3900) 
are observed in Comet Cunningham, so that the presence of c?2*+ — x?II would be plausi- 
ble. The identifications indicated in Table 3,° comprising both (0, o) of CH and (1, 1) 
of OH, are thus probable for the region near \ 3140; the (1, 1) band of CH is absent. 
The R branches of the OH bands are absent, except for the first lines R.(3) and R,(14) 
of the (0, o) band at \ 3084.03 and A 3080.22, which, as seen on the tracings of Figure 1, 
are probably present in the violet wing of P; (23) at A 3086.3 and of P,(14) at 3081.6. 
According to Figure 2, the first line of the R; branch has to come from the rotational 
level J’ = 25, and then P,(33) should be stronger, whereas the latter is absent. Similar- 


7K. Wurm, Zs. f. Ap., 8, 286, 1934. 
3Ann.d. Phys., 39, 1242, 1912; see also Heurlinger, Lund dissertation, 1918. 
4 Phys. Rev., 43, 980, 1933. ’ According to W. Jevons, Report on Band Spectra, p. 164, 1932. 


° The data for OH are from T. Hori, Zs. f. Phys., 59, 91, 1929, and from R. S. Richardson, A p. J., 77, 
199, 1933. 
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ly, the first line of the R, branch should come from J’ = 13 and thus be weaker than 
P,(2}); the next line R,(1}) should be weaker than P,(33). 

During the period in which our best ultraviolet spectrograms were taken (solar dis- | 
tance r from 1.03 to 0.63), there has been no important change in the intensity distribu- | 
tion among the rotational lines. Our material does not permit a comparison of the rela- | 
tive intensities of the (0, 0), (1, 1), and (2, 2) bands of OH because of the extreme faint. 
ness of (1, 1) and (2, 2). 

TABLE 2 
OH LINES (??=—*I1) IN COMET CUNNINGHAM 


CoMET LABORATORY 
NOTATION* 
Int. rd Int. nN 
2 3078.5 10 | 3078.43 Q,(13) | 
I 3081 .6 10 3081 64 P,(14) 
2 3086 . 3 8 3086. 38 P,(23) 
4 3090 . 3 10 3090. 46 0.(3) 
12 3089 . 84; (0,0) <+Q,(1}) 
12 3089. 84 Q2(23) 
I 3093.7 4 3093.72 P(1}) | 
' 
3 3096.4 5 3090. 34 P(2}) 
2 3099 4 3099.57 P33) | 
I-O | 3134.5 3 3134.55 Q:(13) 
I 3137.1 I 3137-74 P,(13) 
I 2530.27 Q,1(23) 
} 
I-O | 3141.5 3 3142.40 P,(2} 
(re) 3 
I 3147.4 3 3147.44 P,(3}) 
I 3146.58 02(12)+02(22) 
° 3149.9 3150 3 P13) 
I-O 3152.4 I 3152.95 P;(2}) 
: | 
o-! 3204 3203.04 P,(23) 
(2, 2) 
o-1 3211 3211 P,(14) 
* See Fig. 2. 
Figure 2 shows that if interstellar molecules of OH are abundant enough to be detect- | 


ed, the strongest line would be Q,(13) at 3078.43. 

For instrumental, as well as theoretical reasons it is difficult to estimate the abun- 
dance of OH molecules relative to CN or to other constituents. The instrumental diff- 
culty arises from the atmospheric absorption in this region and from the absorption by | 
the UV-glass correcting-plate of the Schmidt camera. The theoretical difficulty lies in | 
the uncertainty of the value of the oscillator strength. Oldenberg and Rieke’ have meas- __} 


7J. Chem. Phys., 6, 439, 1938. 
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SPECTRUM OF COMET CUNNINGHAM ON DECEMBER 16, 1940, FROM X 3000 TO X 6400, 
TAKEN WITH THE QUARTZ SPECTROGRAPH OF THE MCDONALD OBSERVATORY 
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The heliocentric distances are given on the right 
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Fic. 2.—Diagram of the 722+ — ?Iliny band of OH at \ 3063 A. The small splitting of all the levels 
except K’ = o has been omitted, since it is only observable in spectra taken with the highest resolving- 
power. The lines observed in Comet Cunningham have been indicated. 

TABLE 3 
REGION AA 3134-3153 








CoMET (1, 1) OH (o, o) CH 
Int. nN d Notation Notation 
I-O....| 3134.5 3134.55 Q:(13) 3135.6 R,(2) 
3130.2 R,(2) 
I 3137-1 3137-74 | P,(1}) 3137-4 | R,(1) 
3130.17 Q:(23) | 
1-0 3141.5 3142.49 P,(23) 3142.9 | Q,(1) 
Bicccnnf Seegve 3147.44 P,(33) | 3147.5 | Px(t) 
3140.58 Q2(13, 22) | | 
O......] 3149.9 3150.3 P(1}) 3149.6 | P,(2) 
3150.2 | P,(2) 
I-O....] 3152.4 | 3152.95 P,(2}) 3152.9 | P,(3) 
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ured the f values for OH to be of the order of 1074 to 10-3. As was shown by F, E. 
Roach,* the assumption of a similar low value for CV, CH, and NH introduces a marked 
disagreement between the observed absorption intensities and those predicted from the 
sun’s atomic constitution. R. S. Mulliken? has reported preliminary calculations of f 
values for diatomic molecules. According to him, the CN bands are something like a 
hundred times more intense than the OH bands. 

Experimental confirmation of the small oscillator strength of OH compared to CN js 
given by laboratory measures. J. U. White® finds that the f value for CV is 0.026 +.006, 
T. Dunham, Jr.,'® recently reported on his laboratory investigation of the f values of 
CH and CN, in collaboration with R. B. King. There are many uncertainties involved in 
such experiments, such as the heats of dissociation and the vapor-pressure data; but their 
final values of f are 0.06 for the R,(o) line of CH and 0.075 for the R(o) line of CV. These 
values are about one hundred times the / values for OH, as measured by Oldenberg and 
Rieke. 

On the whole, it seems safe to adopt f values for OH about one hundred times smaller 
than forCN or CH. As the OH emission is due to a fluorescence excitation similar to that 
of CN or CH and as the exciting solar radiation is also much weaker in the region of the 
OH bands than around the CN or CH bands, this means that, despite the faintness of the 
observed OH lines, the abundance of OH molecules must be comparable to that of CN, 
or even larger. 

Incidentally, this low value of f would make the detection of intersteller OH mole- 
cules more difficult than that of CV, in the case of similar abundances; but the interstellar 
OH molecules may very well be more abundant than those of CN. 

A search was made for the bands of formaldehyde vapor CH,O whose electronic sys- 
tem appears in the region AX < 3600 and has been investigated in the laboratory by V. 
Henri and Schou" and by others; no trace is observed. A similar negative result was 
found by R. Wildt in Venus.” 


2. BANDS OF NH 


A group of seven strong, sharp lines observed near \ 3360 and appearing in the entire 
head may be attributed to the (0, o) and (1, 1) bands of the 3II — 8d transition of VH. 
They are shown in Plate XI Vaand 8, and the microphotometer tracings for four dates are 
given in Figure 3. The (0, o) band has been analyzed very thoroughly in the laboratory," 
but the (1, 1) transition is not yet well known. The measured wave lengths are listed in 
Table 4. 

The OH and NH bands whose fine structure appears so definitely on our spectro- 
grams must be identical with the diffuse'* bands observed by Lockyer in Comet Brooks 
(1g11c) and by Van Biesbroeck and Henyey in Comet Encke;*5 but no identification was 
possible as long as the fine structure was not resolved. We may now add two new mole- 
cules, VH and OH, to the five which were previously known with certainty in comets: 
CN,C., CH, Ni, and CO*. The observed bands of NH and OH are both resonance sys- 
tems, just as for the other five molecules. 

It is known that the Swan bands have an intensity distribution corresponding to a 
fairly high temperature (say approximately 3000° K), and this is due to the fact that the 
C, molecule has no permanent electric dipole moment. On the contrary, CH and CN, 


8 Ap. J., 89, 99, 1930. 11 Zs. f. Phys., 49, 774, 1928. 
9 Ap. J., 89, 287, 19309. 12 Ap. J., 92, 247, 1940. 
9 J. Chem. Phys., 8, 79, 1940. 13 Funke, Zs. f. Phys., 96, 787, 1935; 101, 104, 1936. 


10 Pub. A.A.S., 10, 123, 1941. ‘4 The diffuse character was evidently instrumental. 


1s Lockyer, Proc. R. Soc., A, 86, 258, 1912; Van Biesbroeck and Henyey, Ap. J., 86, 622, 1037. R.C. 
Johnson had suggested (M.N., 87, 625, 1927) that the bands observed by Lockyer in Comet Brooks be- 
long to the second positive system of V, (bands 0, o and 1, o). 
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which have a permanent dipole moment, have a rotational intensity distribution of low- 
temperature type. We now find such low-temperature distributions for the dipole mole- 
cules OH and NH, which, like CH, give only a few well-separated lines.”° 

In the absence of any f value for VZ/ it is difficult to obtain an idea regarding the abun- 
dance of VH in cometary atmospheres; but it is probably of the same order of magnitude 


i, be ~“~ 
“ ee . \ i? oes H 
ws / wf 
Jit 
ri lr 
BN nici T 
7 
Dece 8 Dece 16 Dece 22 Dec. 28 
1.03 ).87 0.75 0.63 


Fic. 3.—Microphotometer tracings of the NH bands in Comet Cunningham on December 8, 16, 22, 
and 28, 1940. Emissions are registered downward. 


TABLE 4 


NH LINES IN COMET CUNNINGHAM (3II—32) 


Labo- 


Comet Notation 
ratory 

3350. 8(2) 3350.8 R(1) 
254.1(4) 3353.92 R,(o) 
3353.64 | R,(:) 

0, 0) 

3357 -9(8) 3357-83 | Rx(o) (0, 0, 
3357-8 Q.(2) 


3361. 5(2) 3361.73 | Q:(1)| 
3301.0 Q;(2)) 

33604. 7(2) 

3309. 1(3) (1, 1) 

3372.0(1) 


as that of CH. Table 4 shows that if NH molecules exist in interstellar space, which is 
very likely, their presence should be indicated by the line \ 3357.83. 

Examination of Plate XIV } and Figure 3 reveals changes in the intensity distribution 
of the VH lines. For example, on December 16, 1940 (r = 0.87), the lines \ 3361.5 and 
\ 3364.7 were approximately of equal intensity, and they were stronger than A 3372.0; 

16 The moments of inertia of OH, NH, and CH are not very different but are much smaller than that 


of CNV. Therefore. OH, NH, and CH show a few well-separated lines as compared to the many closely 
spaced lines of CN. 
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whereas on December 28 (7 = 0.63), 4 3361.5 and A 3372.0 were both stronger than 
\ 3364.7. Thus, a larger solar distance favors lower values of the rotational quantum 
number. This point will be discussed in detail for CN in the following section. 


3. CN BANDS 


Violet system.—Four sequences of the strong 72+ — ?X* system have been observed, 
corresponding to Av = 1,0, —1, and —2,'7 all of which have been observed previously ," 
but the structure is better defined on our spectrograms 
than in most previous descriptions. It has, therefore, 
seemed advisable to describe in detail the structures ob- 
Ah 5 | served in Comet Cunningham. The P branch is stronger 

‘ AY than the R branch; the general distribution of intensity 


TABLE 5 


Av=+1 SEQUENCE OF CN 





tT j COMET 
i IDENTIFICATION 
y d Int. 
‘ 
tT : ' P(2) \ 3581.4 
3584.3 3n* Maximum of P(1, 0); P(g) 3584.4 
: P(14) 3586.2 
3577-3 2 Maximum of R(1, 0) and P(2, 1) 
3572.2 2 Maximum of R(2, 1) 
Dec. 28 girl ere * 
~xtending trom 3551.4 lo 3550.3 
0.63 
among the vibrational transitions agrees satisfactorily with 
Fic. 4.—Microphotom- the Franck-Condon principle." 
eter tracing of the Av = 1 acceler iad dae Wie wedleiie of theses atv 
sequence of CN on Decem- Sequence Av = 1. ie analysis of these ultraviolet 
ber 28, 1940. Emissions are bands is more difficult than that of the other sequences 
registered downward. because the heads are more closely spaced.?° Similar to the 
laboratory intensities, the Av = +1 system is weaker than 
the Av = —1 system (at \ 4216). The sequence is shown in Plate XIV a and 8, and its 


- 


microphotometer tracing in Figure 4; the wave lengths are listed in Table 5. 

The intensity of the third line, \ 3572.2, seems too high, compared to \ 3577.3; but 
this is probably due to the presence of a sharp intensity maximum near \ 3572 in the 
scattered solar spectrum. 

Sequence Av = o.—It appears from Plate XV that the relative intensities of its com- 
ponents vary with the distance to the sun; this is also shown in Figure 5, which gives the 
microphotometer tracings of some of the spectrograms. Hence, Table 6, in which the 
measured wave lengths have been collected, does not represent the situation for all solar 
distances, but rather around the end of the series. 

Summarizing, the Av = o sequence may be described as follows: Except for blending 


17 The old designations are: CN V, Iv, I, 11 or Cy V, IV, MI, It. 


18 See F. Baldet, thesis, Paris, 1926. 19 See Wurm, Zs. f. Ap., 5, 10, 1932. 


20 The laboratory wave lengths of the heads are: (1, 0) \ 3500.42; (2, 1) 3585.01; (3, 2) 3583-04. We 
do not know of any previous observation of the structure of this sequence in comets. 
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effects, the (0, o) and (1, 1) transitions are characterized by two maxima in each Pand R 
branch, one corresponding to a distribution of T ~ 400° K and one corresponding to 
T = 50° K; the behavior of the very weak (2, 2) transition is not so distinct. 
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Fic. 5.—Microphotometer tracings of the Av = o sequence of CN during the period December 9, 
1940, to January 3, 1941. Emissions are registered downward. 


Several features seem to have escaped previous detection. The two sharper lines 
\ 3876.8 and \ 3873.5 have been observed previously. For example, they appear on the 
reproduction of Campbell’s spectrograms of Comet Daniel;” they were also observed by 
Wright in Comet Brooks;?!* Dufay’s observations” will be discussed later on. 


21 Ap. J., 28, 229, 1908. 21a Lick Obs. Bull., 7, 8, 1912. 2 C.R., 206, 1949, 1938. 
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At first sight the observed structure reminds one somewhat of the structure of the CN 
bands in active nitrogen; G. Herzberg?} found that, under these conditions, only a few 
rotational lines are strong, namely, those arising from A’ = 4, 7, 15 and v’ = o, while all 
the other lines are extremely weak. But, as has been proved recently by H. Beutler and 
Mark Fred,”4 the behavior found by Herzberg is due to feeding by collisions from per- 
turbing levels of the *II state of cyanogen. These collisions cannot be present in cometary 
atmospheres. The K values of the strongest levels are also different, so that an analogy 
between the two behaviors has no sound basis. . 


TABLE 6 
Av=o SEQUENCE OF CA 


CoMET 
IDENTIFICATION NOTES 
Dy Int 

3878 . 5-3883 .3 20 P(o, 0) for T~400° K I 
3876.8 4s P(o0, 0) for T~50° K 2 
3873-5 28 R(o, 0) for T~50° K 3 
3869.9 4 R(o, 0) for T—400° K 4 
3867.5 4 P(1, 1) for T~400° K 5 
3862.5 3 P(1, 1) +R, 1) for low T 6 
3857-7 3 R(1, 1)+P(2, 2) for T~400° K 
3854.0 I P(2, 2) for low T 

3852.0 o-1 R(2, 2) for low T 


NOTES TO TABLE 6 


1. On some spectrograms this broad band is double, with com 
ponents at A 3880.2 and A 3882.0; the red edge is always sharp. In 
Comet Jurlof, McKellar recorded two maxima, at \ 3879.5 and 
\ 3881.4. The appreciable intensity extension corresponds to the in 
terval from P(7) to the P head. See also Bobrovnikoff, Pub. Lick Obs., 
17, 434, 1931. 

2. This line may be 10 cm™ wide and thus corresponds to P(2, 3, 4) 
of (0, 0). 

3. This line may be 10 cm~! wide and corresponds to R(1, 2, 3) of 
(o, o). The intensity ratio of \ 3876.8 and \ 3873.5 corresponds ex 
actly to the relative intensities of the P and R branches. 

4. A 3869.9 is the maximum of a fairly broad feature on both sides 
of R(7) of (0, 0). 

5. \ 3867.5 is the maximum of a rather broad feature around P(9) 
of (1, 1). 

6. This line seems double on several plates; P(2, 2) may also in 
fluence the intensity distribution. 


Sequence Av = —1.—This sequence is shown in Plates XVI and XVI] and in Figure 6. 
The measured wave lengths are listed in Table 7. 
Sequence Av = —2.—Two very faint bands (intensity 1-0) have been observed at 


d 4604 and A 4576; they are presumably the P branches of (0, 2) and (1, 3). 

Tail bands.—These belong to the same system ?2* — ?X* as the other violet bands of 
CN, but arise from higher vibrational levels.**> Attempts have been made” to identify the 
tail bands with the cometary features near \ 4050. Our material confirms Bobrovni- 
koff’s conclusion?’ that the tail bands strongest in the laboratory are not observed in com- 


23 Zs. f. Phys., 49, §12, 1928. 
24 Private communication. % See, e.g., R. C. Johnson, M.N., 87, 625, 1927. 


25 F. A. Jenkins, Phys. Rev., 31, 539, 1928. 27 Lick Obs. Pub., 17, 441, 1931. 
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ets and that, when coincidences appear, they correspond only to very faint comet bands. 
It is thus quite certain that the tail bands are either absent or extremely weak. 
Red system.—The electronic transition 
2]] > 7d (often designated by CNiorby . f F 
Cy 1) has several bands in the region \ [i 
covered by our spectrograms. The co- \ m= f 
incidences are listed in Table 8. A “/* an j 
The information regarding the CN red a Vad \ \ t 
system in comets is still extremely un- \ t 4 
satisfactory; our material is not very suit- 
able for the investigation of this system, 
and Table 8 simply indicates that the Y ‘ 
21] — 72 system is very faintly present. ee t 
Variations in the relative intensities of 
the vibrational transitions.—Examination 
of Plate XVI shows that the intensity F'1G.6.—Microphotometer tracings of the Av= —1 
distribution among the bands of the sequence of CNV on December 17, 23, and 31, 1940. 
Av = o sequence changed considerably — Emissions are registered downward. 
between December 9, 1940 (r = 1.01), 
and January 3, 1941 (r = 0.52); this appears especially in the lines \ 3862.5 and \ 3857.7 
and in the very weak lines of still shorter wave length. Whatever doubt there may remain 


ies 


Dec. 17 Dece 23 Dece 31 


TABLE 7 
Av= —1 SEQUENCE OF CN 
CoMET 
IDENTIFICATION NOTES 
r Int 

4214.7 6n P(o, 1) for T~400° K I 
4210.2 I P(o, 1) for T~50° K 2 
4206 O-! R(o, 1) for T=~50° K 2 
4197.0 2 R(o, 1) for T-~400° K 3 
4193.0 2 P(1, 2) for T~400° K 3 
4184 I-O R(1, 2) for T~400° K 

4180 I-O P(2, 3) for T=400° K 

4104 ° R(2, 3)+P(3, 4) 


NOTES TO TABLE 7 
1. The band extends from \ 4210.6 to \ 4216.0 and has a sharp red 
edge; the limits correspond to P(4) and P(18). 
2. These lines appear only on the best exposures and are fairly 
sharp. 
3. Fairly broad features. 


as to the classification of these extreme parts of the observed complex pattern, there is, in 
any case, no doubt that they belong to the (1, 1) and (2, 2) transitions. The (2, 2) transi- 
tion may be especially sensitive to a variation of solar excitation. The (2, 2) emission re- 
quires C.V molecules on the level v’ = 2, and this must result from absorption in the (2, 0), 
(2,1), or (2, 2) transitions. The (2, 0) transition at \ 3360 hasan extremely small proba- 
bility, as does the (2, 1) transition at \ 3586. Of course, CN radicals may arrive at v’’ = 2 
after emission of (0.2) at \ 4606, but this band is extremely weak; or after emission of (1, 
2) at \ 4197, and this transition is of appreciable intensity. But again, emission of (1, 2) 
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requires an appreciable population on v’ = 1, and the corresponding molecules must come 
mostly from v’’ = 1. Thus, whatever the process followed in the excitation, most of the 
(2, 2) emission is due to molecules on v’’ = 2 or 1, or, in other words, it is due to CN 
molecules on excited vibrational levels. These populations are due essentially to solar 
excitation. : 

An intensity variation of the type shown in Plate XVI had been observed before, espe- 
cially by F. Baldet, but under less favorable instrumental conditions. 

Rotational intensity distribution in the CN bands.—Many discussions have been pub- 
lished concerning this matter, especially since 1937; and as our material supplies impor- 
tant new data on the subject, it has seemed worth while to summarize these recent dis- 
cussions and to consider the present state of the question, 


TABLE 8 


RED SYSTEM OF CN IN COMET CUNNINGHAM 


CoMET LABORATORY 
r : : Int. in Ac Notes 
d Int. Transition . (Int. cat. 0 i tive Ni 
(R; Head) Flame Vac. Tube 
Max.) trogen 
4930 I-O (8. 2) 4930 4940 I 2 3 I 
5243 [—2 (6, 1) 5241 5251 2 3 5 I 
5355 I (7, 2) 5350 5306 2 4 6 
5907 3 (7, 3) 5904 6007 2 6 6 2 
6338... I (4, 1) 6334 6348 10 9 6 3 


NOTES TO TABLE 8 


1. Identification uncertain because of discordances in the intensities. 
2. Partial contributor only. 
3. Probably major contributor. 


Wurm’s original theory** was that, owing to their permanent electric dipole, practi- 
cally all the CV molecules will be on the lowest rotational level, and their excitation by 
sunlight will thus proceed from that ground state. Thus the CN emissions will degrade 
into clusters of a few lines each in the vicinity of the band origins. Adel?’ showed that 
this is not strictly true in comets 19146 (Zlatinsky) and 1915a (Mellish). A clustering of 
lines appears around P(13) in Comet 19146 and around P(8) in 1g15a; this showed that 
a fairly high rotational excitation is common in comet heads. Adel mentioned also*° that 
Minkowski’s measures*' of the spectrum of Comet 1937/ (Finsler) indicate two clusters of 
lines in the (0, o) band, one at the P head and one at the center of the band. Thus two 
types of distribution were observed: Adel’s first suggestion was to accept Wurm’s strict 
theory for the ‘‘origin cluster’ and to assume an independent explanation for the ‘thead 
cluster.’’ For this Adel suggested that photodissociation of a parent-molecule—for ex- 
ample, C,.V,—may have provided the CN radical with residual rotational (and possibly 
vibrational) energy. 

Wurm* then tried to complete his initial hypothesis by considering the effects upon 
the rotational distribution of the absorptions of solar light and of the subsequent emis- 
sions. He showed that, owing to the differences in intensity of the R and P transitions in 


28 Handb. d. Ap., 7, 307, 1936. 
29 Pub. A.S.P.,.49, 254, 1937- t Pub. A.S.P., 49, 276, 1937. 


3° [bid., p. 348. 32 Zs. f. Ap., 15, 115, 1938. See also Ap. J., 89, 312, 1939. 
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emission and absorption of the 72 = 72 type, higher rotational quantum numbers may 
be reached, as long as the frequency of the absorption processes in the photographic re- 
gion is higher than 1/7,, 7, being the lifetime of the rotational levels. Thus, owing to the 
great intensity of solar radiation, the CV molecules become and remain excited at high 
rotational levels. Ina band system with Q branches the process is slowed down, since the 
Q branch is generally the strongest. The distribution of intensity among the rotational 
lines varies with the heliocentric distance, and this effect depends upon the frequency at 
which fluorescence occurs. 

According to this revised theory, Wurm would thus dispose of the ‘‘origin clusters” al- 
together and would produce the ‘head clusters” by fluorescence. But Adel33 pointed out 
that the ‘‘origin clusters’’ do exist; thus, if fluorescence, rather than dissociation, is the 
mechanism governing the formation of the ‘‘head clusters,’’ some other process must ex- 
plain the ‘‘origin clusters.” 

P. Swings and M. Nicolet‘ gave an alternative interpretation of the intensity dis- 
tribution in the CN and CH bands. Taking into account the theoretical intensity factors 
and the resolving-power of the instruments, Swings and Nicolet found that the observed 
distributions in the CH bands and in the C/N “head clusters” agree well with a Boltzmann 
rotational distribution at a temperature of the order of 3007~* degrees absolute. They 
suggested that the distribution on the rotational levels may be primarily due to the far 
infrared radiation of the meteoric matter, which, by application of Stefan’s law, assumes 
a temperature of about 3007-?. This suggestion was criticized by Wurm,35 who pointed 
out that, owing to the dilution of the nuclear radiation, the final distribution for the ma- 
jority of the molecules would still correspond to a very low temperature (say 5°-15° K). 
This objection, which is applicable to CV, does not seem as plausible for CH, whose lines 
are concentrated near the nucleus. 

In any case, if the suggestion of Swings and Nicolet is correct for CNV, we should ex- 
pect a different rotational intensity distribution at different distances from the nucleus. 
Our material is suitable for this discussion. Although it is difficult to settle the question, 
owing to the large variations in absolute intensities, it seems rather certain that the two 
sharp lines \ 3876.8 and A 3873.5 have exactly the same intensity distribution as the 
“high-temperature” lines with respect to the distance from the nucleus. This speaks 
against the hypothesis put forward by Swings and Nicolet. On the other hand, the prac- 
tical side remains that the intensity distribution closely simulates that of a Boltzmann 
distribution at a temperature of the order of 100°-40c° K. This shows definitely that, 
whatever the origin of the rotational distribution, it must be of the Boltzmann type, or 
nearly so. Wurm’s fluorescence process may be most essential, but one might also con- 
sider that the rotational distribution was acquired near the nucleus and then maintained 
(or even enriched) by absorption of solar light. 

Extending Adel’s observation of a different rotational structure in two comets at dif- 
ferent distances to the sun, J. Dufay?° examined the values of the quantum number K 
corresponding to the maximum of intensity in the P and R branches for various comets 
observed at different heliocentric distances ry. He finds a regular trend from K = 6 at 
r=1.8to K = 14atr=0.5. Dufay observed also on his objective-prism spectrograms 
three weak lines near P(2) (A 3876.5), R(1) (A 3874.3), and R(2) (A 3873.0) of the (0, o) 
band and similar lines for the (1, 1) transition. But, contrary to what we observe, he 
finds the R lines to be stronger than P(2) and to subsist alone on weak plates. This is 
quite strange, as the P branch is always stronger than the R branch. Dufay tries to ex- 
plain the presence of molecules on the levels of very low rotation by Wurm’s fluorescence 
process, assuming, for example, that certain molecules may have lost their rotational 


33 Pub. A.S.P., 50, 247, 1938. Referring to the two lines measured by R. Minkowski at \ 3874 and 
d 3878, Adel calls them ‘origin and near-origin clusters.” 
34 Ab. J., 88, 173, 1938. 


38 Ap. J., 89, 312, 1930. 36 Op. cit., p. 1948. 
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energy between two successive absorptions. It seems to us that any effect involving only 
Wurm’s fluorescence mechanism will not be capable of explaining a first, very sharp maxi- 
mum around K’ = 3 or 4and thena second, broad maximum around K’ = 8. A fluores- 
cence effect would rather give a continuous distribution. 

McKellar? examined the CN structure on a plate of high spectral purity (projected 
slit width at A 3880 only 0.6 A) of Comet 1939 (Jurlof, Achmarof, Hassel). The P branch 
shows two maxima of intensity at \ 3881.4 (K’ = 13 and A 3879.5 (K’ = 8). McKellar 
states that the intensity of such a band cannot be represented by any function based on 
thermal equilibrium. Pending more detailed information, Mc Kellar’s statement does not 
seem quite convincing. A thermal equilibrium distribution may give rise to two maxima 
because of the combined effect of the individual line intensities and of the different spac- 
ings between these lines.3* On some of our spectrograms the broad P(o0, 0) branch ap- 
pears also double with maxima at A 3880.2 and A 3882.0, but this behavior may possibly be 
explained by an equilibrium distribution. McKellar suggests that the CN emission takes 
place by the photodissociation of perhaps more than one type of molecule containing the 
CN radical, each type of dissociation giving to CN a characteristic amount of rotational 
energy. He also draws the radical consequence that ‘‘differences in the structure of the 
CN bands like that examined recently by Adel for Comets 19146 and 1915a would be at- 
tributable to differences in gaseous constitution of the cometary head.” 

This hypothesis is contradicted by Dufay’s observation of a continuous increase of K ax 
with decreasing r. We have also compared several spectrograms corresponding to values 
of r from 1.01 to 0.52 and have measured the distance between the sharp edge of broad 
P(o, o) and the sharp line \ 3876.8 (P branch at low temperature). This a is 
found to vary practically continuously from 5.7 A at r = 1.01 to 6.6 Aat r = 0.52, indi- 
cating an increase in Kyax for smaller r. It is true that the shift in the ashe maximum 
of comet 1914) (r ~ 0.7) compared to 1915a@ (r ~ 1.2) seems a little larger than in 
Comet Cunningham for values of r from 1.01 to 0.52. However, considering the difficulty 
of such measurements, it seems rather certain ‘that we have to deal with a unique 
phenomenon and that the distribution on the K’s really varies with the solar distance. 
Actually our observation agrees with the variation of theoretical profiles? corresponding 
to T = 300r7}. 

In any case, the interpretation of the essential features in Table 6 seems unequivocal, 
and we have to assume that two types of CN radicals exist in the comet with completely 
different rotational distribution: one corresponds to about T ~ 300r~}, and the other 
corresponds to 7 ~ ~ 50° K. That these two types may coexist results from the very low 
densities in comet beads, Zanstra’s and Wurm’s investigations have shown clearly that 
the number of molecules per cubic centimeter is of the order of one, so that collisional 
effects are unimportant. Actually, the free path of the particles is of the same order as 
the diameter of the head, or even larger. Wurm’s fluorescence process is unable to in- 
terpret these two types; and it seems more likely, as has been suggested already by 
others, that there are two types of parent-molecules or that one type of parent-molecule 
may be photodissociated in two ways. In each case the CN molecules would leave the 
parent-substance with a certain rotational (and possibly vibrational) distribution, which 
may be then either maintained or not maintained by absorption of solar radiation. 

Extension of different bands in the head.—Plates XIV and XVII show that O#/ is concen- 
trated near the nucleus, like CH; NH extends farther, about in the same way as CN, al- 
though the intensity gradient of NH may be larger than that of CV. It also appears 
that C, extends all over the head, whereas the group of lines near \ 4050 is concentrated 
near the nucleus, like CH and OH. Allthe observed molecules result from the photodis- 
sociation of more complex occluded gases. In order to obtain CH, CN, C., NH, OH, Nz, 
and CO* by photodissociations and ionizations it is necessary to assume several parent- 


37 Pub. A.S.P., 52, 283, 1940. 38 Swings and Nicolet, op. cit. 39 Ap. J., 88, 173, 1938, Fig. 2 
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molecules. Considered by Wurm and others are dicyanogen C,N, and acetylene HC-CH; 
these particles may themselves result from the dissociation of still more complex, grand- 
parent molecules liberated from their occluded state in the solid meteoric nucleus.*° 

The parent-molecules which were occluded in the meteoric nucleus are freed by the 
heating of the solid matter. They leave with velocities corresponding to their thermal 
motions. Once they become dissociated by solar radiation, the corresponding elemen- 
tary particles may acquire higher velocities in the process of photodissociation.# The path 
traveled by an elementary particle in the head corresponds to the provided initial veloc- 
ity multiplied by the interval spent by the molecule in the field of solar radiation before 
being photodissociated or photo-ionized. 

Considering the various extensions of different molecules, we may exclude the possi- 
bility that the head itself contains a considerable amount of dust particles from which oc- 
cluded gases are liberated and then photodissociated. This is very unlikely, as it would 
not explain why certain types of molecules are liberated near the nucleus, whereas others 
appear in the entire head. We are thus left with two hypotheses. 

1. The parent-molecules extend appreciably into the head, having moved away from 
the nucleus either by their own thermal velocities or, more likely, by the residual kinetic 
energy resulting from a photodissociation of a grandparent particle. In this hypothesis 
it is obvious that the observed rotational intensity distribution must be the same at dif- 
ferent distances from the nucleus if the rotational energies of the diatomic radicals result 
from the photodissociation process. The resulting picture is rather complex, as it in- 
volves the velocity of the parent-molecules and their average lifetime in the solar radia- 
tion field combined with the analogous characteristics of the diatomic radicals. 

2. The parent-molecules are photodissociated in the neighborhood of the meteoric nu- 
cleus; thus, the observed extensions correspond really to the path of the diatomic mole- 
cules. These are formed with a certain rotational energy. They would lose this energy 
very soon by emission of the infrared pure rotational spectrum‘ in the absence of radia- 
tive absorption processes. We should then find all the molecules on practically one rota- 
tional level at large distances from the nucleus; this is not confirmed by the observations. 
Actually, if the interval beween two absorptions of solar radiation is smaller than the 
average life of molecules on their rotational levels, they may keep their rotational dis- 
tribution or modify it in one way or another; for example, they may favor the higher ro- 
tational states according to Wurm’s mechanism. 

Let us go into the details of the case of CV. An undetermined parent-molecule disso- 
ciates and produces the CN radicals near the meteoric nucleus.44 Even if the photodis- 
sociation does not provide a rotational excitation to CN, these molecules may, in the 
close neighborhood of the nucleus, assume a rotational distribution corresponding ap- 
proximately to 7 ~ 300r~}. These molecules will move away from the nucleus, but the 
rotational levels will remain fed—gaining a little or losing a little—by absorption proc- 
esses. We shall observe in the whole head a distribution corresponding to a temperature 
of the order of 300r~}; it may be somewhat higher if Wurm’s favoring mechanism is pre- 
dominant or somewhat lower if the absorption processes are not frequent enough. 

As for the “‘low-temperature distribution” observed for CN, it is presumably due to 


— 4G. P. Merrill (Proc. Amer. Phil. Soc., 65, 119, 1926) found CO and CO, occluded in meteorites; hence 
CO* presumably results from one of them. It is interesting to note that CH, was also found. OH re- 
sults probably from the photodissociation of water vapor. 


41 Wurm, Ap. J., 89, 312, 1939. 
2 Adel, Pub. A.S.P., 49, 254, 1937. 


‘3 In the case of C, this spectrum is forbidden; a lower density of radiation is sufficient to “feed” the 
rotational levels of C,. 


44 Or under conditions liberating a rotational energy distribution corresponding to about T  300r-}. 
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the photodissociation of a parent-molecule* under conditions leaving little rotational en- 
ergy to CN, as at larger distances from the nucleus. 

It is not quite clear why the two types of CN molecules extend exactly to the same 
distance from the nucleus. Their lifetimes are evidently the same. Therefore the ob- 
served extensions require that the initial velocities provided by thermal motion and 
photodissociation are identical. 


TABLE 9 


(o, 0) BAND OF B?>-—>x?II OF CH 


CoMET LABORATORY DESIGNATION 

d Int. nN Branch K* 
3580 .6 re) 3886.4 V0, I 
3890.0 I-2n 3889.1 OF I 
3889.8 CF 2 

3888 .9 Q, 2 

3891.2 VO: 3 

3890. 5 V2 3 

38q1.1 te I 

3890.1 PO, I 

3893.1 I 3892.9 P, I 
3897 . 2 [2 3807.5 P, 2 
3596 5 P, 2 

3902.6 I-2 3902.6 P; 3 
3902.0 P, 3 

3908 . 3 -s 3908 . 3 P, 4 
3907.8 Fo 4 

3914.5 I 3014.4 P, 5 
3914.0 P, 5 

3921.5 ro 3921.1 P, 6 
3920.7 P, 6 


* The J” values are 
J" =K +4 for P;, Q1, Rx; 
J" =K —} for P2, Q2, Ra. 


The different extension of two molecules in the head results from the characteristics 
of the mechanism which liberated them and from the individual electronic states leading 
to dissociation or ionization. These factors are not yet well enough known to permit a 
detailed comparison. 


4. BANDS OF CH 


The presence of CH lines of low rotational quantum number has been suspected for 
many years* and has been fully accepted since M. Nicolet47 demonstrated the excellent 
agreement between the cometary wave lengths and the very first Q, R, and P lines of the 

45 This may mean another photodissociation process of the same parent-molecule or the photodissocia- 
tion of another parent. Dust may exist at a great distance from the nucleus and may also liberate or 
evaporate some parent-molecules. 


4 Bobrovnikoff, op. cit., p. 443. 1Zs.f. Ap., 18; 154, 1038. 
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vA — x’Il spectrum of CH. Further evidence in favor of this identification was added 
by J. Dufay,** who also identified the B*> — x?II band near \ 3900. As Dufay’s work was 
based exclusively on objective-prism material and because of the recent laboratory re- 
investigation of the whole CH spectrum by E. Fagerholm,‘? it seemed desirable to re- 
examine the CH problem on the basis of our slit spectrograms. 

Comet Cunningham is especially suitable for a discussion of molecular emission, owing 
to the general faintness of the diffused solar spectrum. But since CH is concentrated near 
the nucleus, there is no escape from blending with the Fraunhofer spectrum ; consequent- 
ly, great care has to be exercised in the attribution of observed intensity maxima to a 
molecular emission; our cometary spectra were always compared to solar spectra taken 
under similar conditions. Fagerholm’s molecular notations have been used throughout 
in this section. The c?=*+ — x?II system near \ 3145 (exc. pot. of c?2*+ = 3.93 v.) has 


V Dece 17, 1940 


‘\ Fey \/ \VJ Dece 23, 1940 


Fic. 7.—Microphotometer tracings of the B?>~ — x?II band of CH on December 17 and 23, 1940. 
Emissions are registered downward. 


been considered in section 1, where it was shown that it is impossible to separate it from 
the (1, 1) band of OH, with the help of our material. 

System B?S~ — x?II.—Laboratory data are available for the following bands: (0, o) 
near \ 3900; (1, 0) near A 3650; (1, 1) near A 4040; and the similar transitions for CD. 

The (1, 0) band is certainly absent, and the (1, 1) band falls in the region of \ 4050. 
Some lines coincide with observed features; but, assuming a plausible error in wave length, 
there is no regularity whatsoever of the ‘“‘low-temperature type”’ observed for the (0, o) 
bands of B?S~ — x*II and A?A — x?II. The absence of the (1, 1) band may thus be con- 
sidered as certain. The identifications of lines of the (0, o) transition are collected in 
Table 9. They are shown in Plate XVI and in the tracings of Figure 7. The R branch is 
weaker than the P and Q branches. It would fall into the strong CN pattern, and it is not 
observed there because all the observed lines extend over the entire head, whereas the 
CH lines are always very short. 

All the lines observed between \ 3886 and A 3922 are concentrated very close to the 
nucleus, and there is no trace of a line besides the ones listed in Table 9. The agreement 


4 C.R., 206, 1550, 1938; Ap. J., 91, 91, 1940. 


49 Arkiv for matematik, astronomi och fysik, 27, No. 19, 1941. 
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with the laboratory data is excellent. For example, there is no unidentified cometary line 
around A 3919, as Dufay had reported, and NV? is absent. This may be a characteristic 
feature of Comet Cunningham. Nevertheless, the complexity of the solar spectrum in 


TABLE 10 
(0, 0) BAND OF A?A—>x?II OF CH 


CoMET LABORATORY 
nN Int. ny Branch K 
4281 O-1 4280.1 R; 5 
4279.6 R; 5 
4285.7 I-O 4286.2 R, 4 
4285.5 R, 4 
4291.7 I-2 4292.1 R, 3 
4291.2 R> 

4297 .3 an 4298.0 R, 2 
4296.6 Ez; 2 
4300. 2 2-38 4300.3 R, I 
4303.9 4s 4303.9 R, I 
A3Tt.2 ont 4314.2 Or 2 
4313.6 Or 3 
4312.7 V2 3 
4313.0 V1 4 
4312.2 Q 4 
4312.2 Or 5 

4311.6 oF 5 | 
4311.3 VO; 6 

: | 

4329.3 1-2 4330.0 P, 3 
4328.9 P, 3 
4334.2 ee 4334.8 P, 4 
4333.9 P; 4 
4339.0 I-O 4339.3 P, 5 
4338.7 P, 5 
4344 o-1 4343.8 P, 6 
4343.4 P, 6 
4348 O-1 4348.2 P, 7 
4347.7 P, 7 

* This line is not so sharp as the following one, \ 4300 


t Extending from A 4311 to A 


1315 


the violet region renders cometary identifications difficult, especially on slitless spectro- 
No evidence is found on our spectrograms of anything 


grams of the type used by Dufay. 


besides the CH lines. The bands of CO+, CN (tail band 10 > 10), and others which fall 


in the same region are absent. 
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e System A?A — x*II.—Laboratory data are available for the (0, o) and (1, 1) bands of 
ic CH and CD. The (0, 0) band falls in the region of the solar G band; and the complexity 
in of the Fraunhofer spectrum, especially between A 4315 and A 4350, complicates the iden- 


tification of the fainter components of the band and also the estimated intensities. For 
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Fic. 8.—Level diagram of the strongest CH lines observed in Comet Cunningham. Emissions are 
registered downward. 


example, the Fraunhofer structure has a tendency to make the P lines seem unusually 
strong by contrast owing to absorption lines on either side. But after consideration of the 


)- solar effect, the P branch, although certainly present, turns out to be weak compared to 
ig the R branch, which is what we should expect theoretically and experimentally. 
Il The identifications are summarized in Table 10, and the strongest lines are shown 


schematically in Figure 8. The A values in the fifth column of Table 10 correspond to the 
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J” values in the following way: 
J" = K+ 43 for P,, O1, R: ; 
J” = K — } for P., Q., R2. 
The relative theoretical intensities of the first lines are approximately 


P, 2 Py 20% 145 QO, : QO: = 98 : 63 ; R, : R, = 189: 105, 


or 
Feats; 0, > Q: ; R, > R, ; RE>O>.F. 


In the fourth column the branches have the following meaning: 
R, = Rica + Ryai ; 
R, — Roca + Roa, ) 


and similarly for P,, P:, Q,, and Q.; in the present case the satellite branches have no im- 
portance. 

We find no trace in Comet Cunningham of the line \ 4318.4 observed by Dufay and 
attributed tentatively by him to the Vegard-Kaplan band 1 — 13 of V,. There is no 
trace either of the unidentified line \ 4325.5 reported by Dufay. In Comet Cunningham 
all the emissions observed between A 4280 and A 4350 are unambiguously identified with 
the (0, 0) transition of A?7A > x*Il of CH. Especially, there is no trace of a line between 
\ 4304 and A 4311 which might have been attributed to the strongest lines of the 7A — ?II 
(o, o) transition of carbon deuteride. Accordingly, our material does not reveal any ap- 
preciable amount of deuterium, but this search should be repeated using a higher re- 
sol ving-power. 

The (1, 1) band, according to Fagerholm’s analysis, coincides almost with the (0, 0) 
band; the strongest expected lines would be 


Branches R, — R,: \ 4303.1 and A 4301.1; 
Branches Q, — Q2: \ 4313.0 and A 4311.5. 


It is obvious that these lines, if present, would be hopelessly blended in the much stronger 
(0, o) band. 

Examination of Plate XVI and Figure 9, especially a comparison of the spectrograms 
of December 17 (r = 0.85) and December 31 (r = 0.57), 1940, shows that, despite the 
rather small variation of r, the intensity ratios in the R branch have changed appreciably, 
favoring a higher J for a smaller distance r. 


5. BANDS OF C, 

The relative intensities among the strong Swan bands of C, are very similar to the labo- 
ratory distribution at 7 ~ 3000°. As was shown by K. Wurm, this behavior is related 
to the absence of a permanent electric dipole moment. 

The Swan bands are the only transitions of C, in the observable region involving the 
ground electronic level AIT. A series of bands, often called the ‘‘high-pressure bands” or 
‘“‘Fowler’s bands,” was attributed until recently to another electronic transition involv- 
ing the ground level A‘II. But G. Herzberg®’ has shown that they are simply Swan bands 


5° Op. cit. 





SPECTRUM OF COMET 1940c 339 


with v’ = 6. The selective excitation of the one vibrational level v’ = 6 would be due, 
according to Herzberg, to the fact that C, molecules in this state are formed by the re- 
combination of two C atoms in a three-body collision, the heat of dissociation of C, being 
transformed into energy of excitation of C,. Such a process is hardly to be expected in a 
cometary head. A fairly strong band was measured on our spectrograms at A 5428.3 (int. 
4) and was also observed by R. Minkowski* in the spectrum of Comet Finsler (1937/); 
Minkowski attributed that feature to one of Fowler’s bands, with head at \ 5434.9. This 
identification is probably not real. 

With regard to the Swan bands, our spectrograms show the usually well-developed 
sequences” Av = — 2, —1,0,-+1, +2. In the sequence Av = — 2 which was represented 
by only one band in Bobrovnikoff’s work on Halley’s Comet, our strongest exposures 
show six successive bands, up to (5.7) at A 5923. 
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FIG. 9.—Microphotometer tracings of the A?A — x?II band of CH on December 17, 23, 24, 25, 27, 
and 31, 1940. Emissions are registered downward. 


In the Av = —r sequence the first four bands are very strong (successive intensities 
g, 10, 8, 6); and the fifth, at \ 5473 (4, 5), isextremely weak. Then come again two fairly 
strong hands, with maxima at A 5445 (int. 4) and A 5428 (int. 4). Minkowski has tenta- 
tively attributed them to CO (Asundi system) and to C, (Fowler’s series), respectively. 
These identifications are very uncertain. P. C. Keenan’ has made a search for these 
bands in carbon stars where the first four bands are strong and the fifth absent; he finds 
that \ 5445 and A 5428 are absent. 

K. Wurm‘ has determined the convergences of the Av = o and +1 sequences. These 
are at \ 4987 and A 4652, and they probably explain the broad bands at \ 4976 and A 4642 
observed by Sanfordss and Shane* in the late N stars, which are degraded toward the 
red. There is no definitive evidence for the presence of any of these convergences in 


* Pub. A.S.P., 40, 276, 1937. 
? Old designations, respectively: C1, Cu, Cm, C Iv, C v. 
> Private communication. Ss Pub. A.S.P., 38, 177, 1926. 


51 Zs. f. Ap., 13, 179, 1936. 6 Lick Obs. Bull., 13, 123, 1928. 
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Comet Cunningham; this absence may be due to the fact that the “temperature”’ of the 
C, bands, which is around 3000° K, is too high, so that the first members of low vibra- 
tional numbers extend too far to the violet and thus smear out the convergence regions, 

Among the other unidentified bands observed by Shane and Sanford, the two strong- 
est are: \ 4540 (stellar int. 6) and \ 4867 (stellar int. 8); we measured two cometary 
bands at \ 4541 (int. rn) and \ 4868 (int. 1), which are probably due to the same un- 
identified system. 

Our material does not provide any evidence for the presence of the C,, isotope. 


6. THE ‘‘X 4050 GROUP” 


As has been the case in practically all comets, Comet Cunningham reveals a group of 
strong, ‘‘nuclear’’ lines in the region AA 3980-41 30; these lines do not appear like degraded 
bands; they extend in the head to larger distances than CH (see P]. XVII). A thorough 
discussion of these bands based upon the material available to 1931, together with a bib- 
liography, was published by Bobrovnikoff.s7 It seems at present rather inadequate to use 
the expression “‘Raffety bands”’ for the cometary radiations, and we suggest replacing it 
by the expression ‘‘\ 4050 group” as long as the emitting molecules are not identified. 

Several molecules appearing, or likely to appear, in comets give bands in this region, 
among which we shall consider: 


a) Carbon: C, (Deslandres-D’Azambuja system ‘II — 'II) 

b) Cyanogen: CN (tail bands or new system suggested by Bobrovnikoff) 

c) Hydrocarbon: CH ({1, 1] band of the 2X~ — II system or a new system as suggested by 
J. Cabannes and J. Dufay) 

d) Sodium hydride: NaH 


The Deslandres-D’Azambuja system of C, has been analyzed by Dieke-Holtgreven** 
and by Kopfermann and Schweitzer.s* Each band consists of two P, Q, and R branches 
in which every second line is missing. The v’ — v’’ = o sequence should be strongest, 
especially (0, 0) at X 3852, but this is absent in comets. The v’ — v’’ = —1 sequence ap- 
pears in the region of \ 4100; but there is no plausible identification in comets on the 
basis of the rotational analysis. 

The tail bands of CN are not present, as was shown in section 3. Bobrovnikoff’s sug- 
gestion®® to attribute part of the \ 4050 group to a new system of CN is also unlikely, 
since the \ 4050 group is nuclear, which is contrary to CN 3880 and which is not in har- 
mony with the fact that the laboratory investigation of the CN spectrum is satisfactory. 

The (1, 1) band of the ?2~ —> ?II system of CH, which was observed by Raffety, has 
been investigated with high dispersion by H. Grenat” and later by E. Fagerholm.” As 
the (o, o) band of the same system is very weak in comets and as the ‘‘low-temperaure, 
lines” of the (1, 1) band do not give satisfactory agreement with the observed features, 
it appears safe to exclude this possibility of identification of the ‘‘Raffety band.” This is 
in agreement with F. Baldet.° J. Cabannes and J. Dufay*®+ have noticed that certain 
characteristic regularities appear to connect some of the radiations of the \ 4050 group 
and the CH lines near A 4313; especially striking was a nearly constant wave-number 
difference of about 1500 cm~ connecting ten pairs of lines of the \ 4050 group and of the 
CH band near J 4313. Our observations confirm this approximately constant difference 


37 Ap. J., '73, 61, 1931. 59 Zs. f. Phys., 61, 87, 1930. 
88 Zs. f. Phys., 62, 767, 1930. 60 Ap. J., 73, 61, 1931. 

6 C.R., 192, 1553, 1931; Grenat used an oxyacetylene blow-pipe flame. 

6 Op. cit.; Fagerholm used a carbon arc burning in an atmosphere of hydrogen. 


63 C.R., 192, 1531, 1931. 
64C.R., 203, 903, 1936; 206, 1550, 1938. 65 C.R., 206, 1550, 1938, Table 2. 
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only in the case of five pairs. Of course, such a coincidence, as was pointed out by Dufay, 
may be purely accidental. As no laboratory investigation confirms the proposed new 
CH system, it seems rather probable that the \ 4050 group is not related to CH. On the 
basis of intensity variations Bobrovnikoff had already noticed that the association of the 
\ 4050 group with the CH bands could not be close. This is confirmed in the case of 
Comet Cunningham. As was also noticed by the Victoria observers, the \ 4050 group 
decreased steadily in intensity compared to CN, whereas the CH band increased in in- 
tensity; our spectrograms of October 22, November 14, and November 30, 1940, show 
the \ 4050 group to be very strong and CH very weak, whereas in the beginning of Jan- 
uary, 1941, CH X 4313 was stronger than any line of the \ 4050 group. This group has 
not exactly the same extension in the head as the CH molecules. 

The vo’ = oand v” = 1 series of NaH appear in the violet and blue regions, but the 
“low-temperature lines” do not provide a satisfactory identification. 

A systematic discussion of other possible molecules, such as SiH, A1H, etc., did not re- 
veal any known molecular spectrum which could be responsible for the \ 4o50group. A 
search by P. C. Keenan®’ failed to reveal the group of lines in carbon stars. Considering 
our present satisfactory knowledge of the band spectra of neutral diatomic molecules, it 
seems plausible to attribute tentatively the \ 4050 group either to some forbidden transi- 
tion or to some ionized molecule. Among the ionized light diatomic molecules, we have 
good laboratory data only for COt, N} and O}; a small amount of information, but 
quite insufficient, is available for OH*, but, as far as we know, there is nothing known 
about CH*, CN*+, Cy}, NH*, and NO*. Contrary to COt and N}, which extend far in the 
tail, the hypothetical ionized molecule would not extend far from the nucleus, which sim- 
ply means that it would be photodissociated much more easily than COt+ and Nf. Evi- 
dently, we cannot yet exclude the possibility of a still uninvestigated polyatomic mole- 
cule. 

Our measured wave lengths in the region AX 3950~-4140 are collected in Table 11, to- 
gether with the wave lengths by Bobrovnikoff and by Baldet. The probable error of our 
wave lengths is about +0.3 A for the lines of intensity 2 or higher; it may increase to 
+o.5 A for weaker lines. 


7. VARIOUS PROBLEMS 


Visual region.—No trace of Balmer absorption has been observed on our spectrograms, 
contrary to observations reported from the Harvard Observatory;** a slit spectrogram 
taken on December ro (the same night as the Harvard observation) fails to reveal any 
appreciable Balmer absorption. 

On January 3, 1941, our spectrogram (see Pl. XVII) revealed a nuclear feature whose 
measured wave length was A 5895 and which we attributed’ to a cometary Na emission. 
On the following nights the possible nuclear line became masked by the long twilight line 
of Na, and the position of the comet prevented us from securing additional material. 
The D line was not observed on a spectrogram taken at the Dominion Astrophysical 
Observatory on January 5,7° whereas a line was recorded at \ 6302 in the region also cov- 
ered by our spectrograms; the twilight line does not seem to have been recorded on the 
Victoria spectrogram. It does not appear probable that the nuclear feature which we ob- 
served on January 3 may have been an accidental defect of the film. Actually, the line 
measured at \ 5895 was weaker than the feature at \ 6302 (the intensities on our scale 
were 3.and 5). Incidentally, it should be noted that the behavior of the Va emission has 
sometimes been observed to be irregular (e.g., in Halley’s Comet). 


6 Harvard Ann. Card, No. 562, 1941. 
6 Private communication. 69 Tbid., No. 556, 1941. 


68 Harvard Ann. Card, No. 551, 1040. 1° Tbid., No. 562, 1941. 
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In the region covered by our material (A < 6414) all the features observed by R. Min- 


kowski in Comet Finsler are confirmed. 


Various molecules.—The bands of the two characteristic molecules of a comet tail, 
CO* and NV}, have sometimes been observed in comet heads, and it is well known since 


TABLE 11 





\ 4050 GROUP (REGION AA 3950-4140) 


‘OMET CUNNINGH 


r Int 
3950.2 2n? 
3954.0 I 
3900. 2 i~?2 
3903.5 I-2 
3972.7 2 
3979.7 I~2 
3987 . 2 3 
3992.0 4n 
3907.5 I-O 
4002.2 2 
4007.5 I 
4013.2 4 
4019.4 4n 
4024.3 I-O 
4027.06 I-O 
4033.2 2 
4039.0 5 
4043.6 5 
4051.6 6 
4054.2 i=2 
4004 .3 I-2 
4005.4 2-3 
4974.4 + 
4084.8 © 
4090 .O [=o 
4099.5 2 
4109.4 I-O 
4124.4 I-on 
4137.8 O-1 


1. Possibly double. 
2. Possibly double. 


OTHER COMETS 


AM 
NOTES 
ame: | ik tebe) » (Baldet) 
Plates 
16) 39050 
5 
5 3902.5 } 
3908 4 (2) } 
7 3974.6 
4 3082.4 
8 3987.0 3988.4 (3) 
8 3993.3 3003.1 (4) I 
3 
8 4002.9 4002.0 (4) 
© 
: 4014 .3 4014.5 1\(g) 
‘ 4020.0 4020.1 
2 4025 
3 
7 4031.5 4032.6 (3) 
8 4039.3 4039.6 (9) 3 
8 4042.4 4043.0 (9) 3 
8 4052.1 4051.6 (10) 
5 4054.5 
6 4005 .3 
8 4067.2 | 4067.7 (7) { 
8 4074.2 4074.0 (9) 
4 4085.8 4085.1 (2) j 
5 4059 
7 4099 .0 4099 .0 (2) 
5 4109.1 4109.3 (3) 
6 4124.6 (1) 5 
4 4137.5 


NOTES TO TABLE 11 


3. A line is possibly present between \ 4039.6 


dA 4041.8 (4). 
4. Possibly double 


at AA 4066.7 (2) 


4009.8 (3) 


5. Broad feature with several maxima. 


and A 4043.6, at 


Baldet’s investigations” that the CO+ and Vi molecules do exist in the head; but these 


bands were absent on our spectro 


grams. 


There is no evidence of the Lyman-Birge-Hopfield system of V,; the presence of this 
system in the night-sky spectrum has been tentatively suggested.??. The evidence for the 


71 Ann. Obs. Astr. Phys., 7, Paris, 19 


72 Ap. J., 93, 337, 1941. 
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Vegard-Kaplan and the other systems of N, is, on the basis of our spectrograms, ex- 
tremely meager; this applies also to the 6 bands of NO. The probable presence of N, 
and NO in the head has been announced by Dufay,’3 mostly on the basis of microphotom- 
eter tracings of objective-prism spectrograms. This is an important question which 
should be rediscussed on the basis of slit spectrograms of adequate dispersion. 

The CO molecule has been extensively investigated in many laboratories; it has no 
resonance system in the observable region. Minkowski has suggested that the Asundi 
system a’ 5X — a3ll (exc. pot. of 5© = 7.13 v.) may have been present in Comet Finsler; 
but this should be confirmed on the basis of better observational material in the red and 
infrared regions. We have considered the other observable systems: the third positive 
(bsy — asl), the triplet bands (d3II — a3II), Herzberg’s bands (c'y — A'll), and the 
Angstrém system (B'Y — A'll). In no case is there any conclusive evidence, so that the 
presence of nonresonance systems of CO should still be considered as hypothetical. 

For the physics of comets it appears that at present the greatest need is for observa- 
tions in the red and infrared regions with sufficient dispersion (say about too A/mm). 
Several molecules—diatomic as well as polyatomic—could be detected there, and several 
still unsettled problems may be solved. It is probable also that the resonance lines of 
potassium (A 7664.9 and » 7699.0) would be observed at small solar distances because 
the boiling-point of A is only 762° C (against 877° C for Na) and because it is a cosmically 
abundant element. 


Our thanks are due to Dr. O. Struve and Dr. H. Beutler for helpful advice. 


McDoNALD OBSERVATORY 
May 1941 


73 C.R., 204, 744, 1937. 











INVESTIGATIONS OF TYPICAL STELLAR SPECTRA 
WITH HIGH DISPERSION 
I. TABLE OF LINES IN a CYGNI* 
O. STRUVE AND P. SWINGS 


ABSTRACT 


This paper contains a new table of wave lengths of absorption lines in the spectrum of a Cygni between 
d 3862 and A 6590. 


In recent papers on the spectra of stars surrounded by extended shells' a comparison 
of the line intensities to those of the classical supergiant of type A, a Cygni, has often 
been most useful for the discussion of dilution and excitation effects. A similar situation 
has arisen for stellar atmospheres which have an abnormal abundance of hydrogen.’ It 
is also well known that the absorption spectra of novae near maximum are similar to 
a Cygni. The usefulness of a list of lines in a Cygni is thus unquestionable. A very help- 
ful compilation of data for the stronger lines was published in 1938 by A. B. Wyse;} this 
table was based on the following sources: 


Region AX 2950-3299, unpublished measures by Wyse 
Region AA 3300-3912, Wright4 

Region AX 3913-4674, Morgans 

Region AX 3913-4804, Baxandall® 

Region AA 4805-6600, Marshall’ 


In the region AA 3226-3957 a new table of wave lengths was published by one of us® 
in 1939; this list was based upon spectrograms secured at the McDonald Observatory and 
shows more lines than were listed by Wright. In using Wyse’s compilation in the violet 
and blue regions we sometimes felt the desirability of supplementing it with the fainter 
lines and of increasing the accuracy of some of the wave lengths. In the region \ >48co 
the situation was quite unsatisfactory: a large part of the lines remained unidentified, 
and many of them are doubtful, in spite of the large intensities assigned to them by the 
measurer. 

We have prepared a new table of wave lengths from \ 3862 to A 6587, based on meas- 
urements of coudé spectrograms taken in August, 1940, at the McDonald Observatory.? 
Our dispersion is: 1.87 A/mm at A 3935, 2.6 at A 4000, 3.0 at A 4360, 4.5 at A SoCo, and 
12.2 at 6350. The lines are listed in Table 1; the identifications in parentheses either 


* Contributions from the McDonald Observatory, University of Texas, No. 39. 


«Struve and Roach, Ap. J., 90, 727, 1939 (17 Leporis); Struve and Swings, Ap. J., 93, 446, 1941 
(Pleione); Greenstein, A p. J., 93, 453, 1941 (Pleione). 


2 Greenstein, A p. J., 91, 438, 1940 (uv Sagittarii). 

3 Lick Obs. Bull., 18, 129, 1938. 

4 Lick Obs. Bull., 10, 100, 1921. 5 Pub. Yerkes Obs., 7, Part III, 40, 1935. 

6 Catalogue of 470 of the Brighter Stars, Solar Physics Committee, South Kensington, 1902. 
7 Ap. J., 82, 97, 1935. §Struve, Ap. J., 90, 609, 19309. 


9 For a description of the coudé spectrograph, see McDonald Contr., No. 1, p. 103, 1949. 
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3875 
3882 
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3889 
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3892 
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3930 
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3935 
3935 
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TABLE 1 


TRUM OF a CYGNI IN THE REGION AA 3862-6587 


Identification 
10 Si Il 2.59 (6) 
I | Fett 3.95 (1) 
° | Mo1 4.11 (1000) 
| (Cran 5-59 (75) 
3 | Fei 5.53 (600) 
Cr 11 6.54 (7) 
° | |\V 11 6.74 (60) 
| fet 7.48 (15) 
| ((Fer 7.22 (150)) 
fo) | Crim 8.27 (5) 
X | {(Fe 1 2.50 (300)) 
‘ | \Fe 2.76 (pr) 
8n Fe 1 8.58 (300) 
; | |(V 1 8.71 (300)) 
I (Ni 1 1.92 (1)) 
I Fe 1 6.28 (600) 
20 | Hs 9.05 (60) 
I | Fel 1.93 (100) 
. S 11 2.32 (35) 
Cr 11 2.14 (4) 
2 V 11 6.16 (60) 
Fe 1 7.89 (100) 
" | Fet 8.01 (80) 
2 | V 119.14 (200) 
Fet9g.71 (500) 
Ti 11 0.54 (50) 
= Al 11 0.68 (200) 
I 
Fe 2.95 (500) 
7 Mo 1 2.96 (1000) 
I | Va 3.26 (250) 
I | Fe 3.90 (100) 
¥ Crit 5.64 (25) 
/ Sit 5.53 (15) 
7 Fe 1 6.04 (5) 
O (Fe 1 6.48 (300)) 
° (Fe t 7.94 (100)) 
mn | Crm 1.32 €3) 
I (Ti 1 2.32 (pr)) 
10 | Ti 3.46 (70) 
J Fe 11 4.48 (2) 
" V it 4.33 (250) 
r | {(Ti 5.42 (pr)) 
| |Cr 11 5.30 (pr) 
I V 1 6.41 (200) 
| (Fer 8.65 (60) 
2 | «Fem 8.51 (pr) 
| |Fe1 8.32 (20) 
2n C 11 0.68 (200) 
I Fei 2.91 (600) 
I Fel 7.92 (500) 
° V 1 9.73 (50) 
4 Fet 0.31 (600) 
re) Fet 1.12 (35) 
3 Ti 11 2.02 (30) 
rn Ca I 3.67 (600) 
in | Cris5.18 (pr) 
3 | Fem 5.94 (6) 


3978 
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Identification 


| Cri 6.95 (1) 


(Fe t 7.33 (80)) 
Fe 11 8.29 (2) 
Fe tt 8.97 (4) 
Fet 2.44 (100) 
AIL 4.03 (2000) 


(Crit 5.11 (1) 


‘Few 5.21 (pr) 


\Fe 1 5.13 (30) 
Feit 7.00 (50) 
(O 1 7.33 (300) 


401 7.51 (50) 


\Fe 1 7.53 (70) 

Fe 1 8.78 (150) 
Fe 1 9.96 (150) 
Fe1 1.17 (150) 
V 11 1.97 (500) 
Fe 1 6.68 (150) 
Cr 11 8.07 (2) 

Zr it 8.22 (150) 


(S 11 3.13 (10)) 
Cr 1 3.69 (300) 
{Het 4.73 (50) 
Fei 4.52 (80) 
Fe 1 6.07 (100) 


Ca 1 8.47 (500) 


Fe 1 9.26 (600) 
Cri 9.75 (200) 
He 0.08 (80) 

V 11 3.64 (300) 
Fe 11 4.16 (3) 
Fe 11 5.03 (2) 


Fe (1?) 6.61 (35) 
V wu 7.74 (60) 
Fe t 7.75 (300) 
(Cr 11 9.20 (pr)) 
Cr 11 9.51 (20) 


Fe 11 1.61 (pr) 
Ti 11 2.01 (3) 

Y 11 2.59 (100) 
Fe 1 3.96 (200) 
Cr 1 3.91 (200) 
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4001. 
4002 
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TABLE 1 


Identification 


V i 7.12 (200) 


Zr 11 8.97 (30) 
S 11 8.79 (60) 


Ti 11 2.39 (50) 
«Fett 2.47 (1) 
Cr I1 2.50 (30) 
Fet 3.82 (200) 
Felt 3.79 (80) 
Fei 4.53 (200) 


Sc tt 4.49 (8) 
Nit 5.48 (1) 
Fe 1.87 (200) 
V 11 3.39 (600) 
Fe tl 4.55 (5) 
Ti 11 5.14 (25) 
Het 6.19 (5) 
Al 1 6.5 (30) 


Ti 11 8.34 (80) 
(Fe 1 9.64 (80)) 
Fe 10.49 (120) 


«Mn1 0.75 (500) 


Cr 11 0.28 (pr) 
Fe 11 1.46 (1) 
Fe 11 2.95 (3) 
(Mn 1 3.07 (400)) 
Mn 1 4.49 (250) 
V m1 5.63 (400) 
V 11 0 738 (60) 
Cru 8.03 (25) 
V 119.57 (20) 
Fe it 4.01 (pr) 
Fe 5.81 (400) 
Feit 6.81 (pr) 


Fe 11 8.83 (3) 
Cr 119.14 (18) 
(Zr 11 0.33 (10)) 
Cr It 1.97 (12) 
Ti 11 3.83 (8) 
Crit 4.11 (8) 
Fei 4.88 (25) 
Fet 5.04 (40) 


Ti 11 6.21 (2) 
Cr 11 6.07 (4) 


W 


= 


4957 
4058 
4000 
4003 
4004 
4005 


4067 


4008 
4008 
4008 
4009 
4070 
4071 
4072 


4973 
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4070 
4076 


4977 


4079.7 


4052 


4083 
4093 


4099 
4I0I 
4109 


4110 
4ITI 
4111 
4113 
4118 
4119 
4120 
4121 
4122 
4123 
4124 


4125 


4126 
4127 
4128 
4128 
4129 
4130 
4131 


4132.; 


4133 


4134.5 
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Identification 


Fe 11 7.46 (2) 
Fe t 8.23 (80) 
Fe 1 8.76 (40) 


Fe 1 3.60 (400) 
Ti 11 4.40 (2) 

V 11 5.08 (100) 
Nii 7.05 (30) 
Cr I 7.05 (pr) 
Fet 7.98 (150) 


‘Fe tt 9.88 (1) 


Cr 11 0.90 (10) 
Fet 1.74 (300) 
Cr il 2.56 (4) 
Fe 1 3.45 (0) 
Fe t 3.77 (80) 
Silt 5.45 (2) 


5 
Crit 5.63 (pr) 
Fe 5-95 (pr) 
Si 11 6.78 (1) 


Fe 1 6.64 (80) 
Fe 7.16 (3) 
Cr 11 6.87 (3) 
Sr tt 7.71 (500) 
Fe t 9.84 (80) 
Fei 2.59 (1) 
Cr 11 2.30 (10) 


Fe 11 3.24 (0) 
(V 1 9.94 (150)) 
(S 9.44 (8)) 
Hé 4101.74 (100) 
Fetg.81 (120) 
N 1 9.98 (1000) 
Crit 1.01 (18) 
(Cri 1.36 (20)) 
Feu 1.90 (1) 
Cr II 3.24 (5) 
Fe 8.55 (200) 
Fe 11 9.53 (pr) 
Heto.8t (3) 
Fe1 1.81 (100) 
Fe 1 2.64 (4) 
Fet 3.74 (80) 
Fe tt 4.79 (1) 
Fet 5.62 (80) 
Mn tt 5.86 (1) 
Fe 6.19 (80) 
Cr 1 7.08 (3) 
Si 1 8.05 (8) 
Fe 11 8.73 (3) 


Si 11 0.88 (10) 
Fe t 2.06 (300) 
Cru 2.41 (7) 

Mn tt 2.28 (1) 
Fei 2.90 (100) 
Fet 4.68 (150) 








| Wave Length 
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TABLE 1 


Identification 


eine 5) 


S 11 2.29 (150) 
Fe 3.42 (200) 
Het 3.76 (15) 
Fe 1 3.87 (400) 
S 11 5.10 (250) 
Crit 5.77 (25) 
Cru 46.45 (1) 
Fei 7.67 (200) 
Feit 9.37 (100) 
Zr II g.20 (100) 
(Fe 1 0.26 (50)) 
Felt 4.50 (100) 
Cr 11 4.29 (pr) 
(Alt 9.45 (4) 
Alu Q.72 (6)) 
(Al 1 0.24 (12)) 
Cr II 1.05 
Cr Ib 4.27 
Tt 1 1.54 
Cr 11 1.56 (pr 
S II 2.70 (600) 
Ti 11 3.65 (150) 
Mgt 7.39 (6) 
(Fe 11 9.98 (pr)) 
Feto.gt (80) 
Cr 11 0.86 (1) 
Ti 1 1.90 (70) 
Felt 2.75 (60) 
Cr 11 2.60 (2) 
Fe i 3.45 (8) 
Ti It 4.09 (12) 
Fei 5.64 (100) 
Fe 1 6.57 (100) 
(Fe 1 7.60 (100) 


N 
=~ 


RS 


p 
30 


( 
( 
(30 
( 


+¥ 1 7.55 (50) 


Fe 11 7.70 (pr)) 
Fe 11 8.85 (8) 
Crit 9.43 (12) 
V It 3.43 ( (250) 
Ti 11 4.33 (20) 
Fel 7.04 Pn 
Fe 1 7.80 (200) 
Ti 11 0.24 (5) 
Nill 2.02 (1 
Fel 5.34 (159) 
Fet 5.62 (25) 
Sit 8.25 (3) 
Fet 8.31 (250) 
Fei 9.10 (300) 
(Ti 11 0.40 (pr)) 
Fel 2.03 (400) 
V 1 2.34 (150) 
V 1 5.09 (250) 
Fe 5.48 (pr) 
Mn tt 6.43 (2) 
Cr it 7.35 (4) 


~~ 
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Identification 





Sr tl 5.52 (400) 
Fe 1 9.36 (250) 
Fei 2.22 (200) 
Cr 11 4.85 (20) 
{Ca 1 6.73 (500) 
Alt 6.81 (35) 
(Fe 1 7.43 (300) 
4 Alt 7.50 (30) 
\: Al it 7.41 (8) 
AL It 7.98 (20) 
S 11 0.98 (35) 
Fe 1 3.17 (11) 
(V 11 4.55 (40)) 
Fe1 5.94 (300) 
Fe 1 8.82 (200) 
Al 11 0.75 (15) 
(Cl 11 1.38 (60)) 
Cr 11 2.38 (30) 


Mn tt 4.25 (1) 
Nit 4.81 (1) 
Fet 5.26 (80) 
Sc 11 6.83 (500) 
Mn tt 7.95 (1) 
Fe t 8.23 (150) 
Fe1o.13 (250) 
Fe 1 0.79 (400) 
Mn tt 1.77 (2) 
Crit 2.62 (10) 
Clit 3.51 (75) 
Cri 4.35 (5000) 


S 1 7.42 (30) 
Fe 1 8.15 (3) 
Mn tt 9.26 (2) 
Fe 10.48 (400) 


Fe 11 3.89 (1) 
(C 1 7.02 (350) 
‘C7 7.27 (500) 
| Fe 1 6.97 (70) 
‘Cr 11 9.28 (10) 
Fe 1.16 (400) 
Fei 1.76 (1000) 
Fe 11 3.32 (3) 
Cr 1 4.80 (4000) 
Cr tt 5.57 (30) 


(Fe 11 8.13 (1) 
Cr 11 8.10 (1) 
'V 11 8.89 (60) 
Cr It 9.00 (pr) 
\Mo 11 9.02 (100) 
‘Mn II 2.50 (3) 
4 Fet 2.41 (600) 
\S 11 2.63 (30) 
Cr I 4.21 (20) 








348 O. STRUVE AND P. SWINGS 


TABLE 1—Continued 


Wave Length Int. Identification Wave Length Int. Identification 
4285.44 ° Fei 5.44 (125) eo (Cr 1 9.63 (200)) 
4286.21 I Fe 11 6.31 (1) 4359-75 - Zr 11 9.74 (8)) 
4287.84 2 Ti 11 7.88 (30) 4361.28 2 Fe it 1.25 (2) 
4289.17 I SR eae |] 4362.15 2 Ni It 2.10 (1) 
4290.23 - Ti II 0.23 (60) 4303.08 I Cr 11 2.93(3) 

. (Cr I 9.72 (3000)) || 4365.06 ° Mn it 5.29 (1) 
4291.31 ° Fei 1.47 (125) 4306.13 ° Fe 11 6.16 (tr) 
4291.08... ° (Mn it 2.25 (0)) 4367.63 2 Ti 11 7.66 (25) 
4294.10 7 Ti 11 4.12 (60) 68 28 Fe 11 8.26 (1) 
4290.60 7 Fe 11 6.58 (6) i" -F , O I 8.30 (1000) 
4297.71 ° (Fe 1 8.04 (100)) 4309.42 3 Fe 11 9.40 (2) 
4299.24 I Fe 1 9.24 (500) 4370.82 fe) (Zr 11 0.95 (7)) 
4300.05 8 Ti 11 0.05 (100) 4373-34 fe) Fe 1 3.57 (50) 
4301 .03 oO V 1 1.18 (40) ape A Sc 1 4.46 (25) 
4301.92 4 Ti II 1.93 (50) 4374-51 “ Ti 11 4.82 (35 
4303.20 re) Fer 3.17 (15) 4379.81 fo) Mn ut 9.74 (1) 
4304.47 I oa eae 4383.55 5 I 3.55 = 

"€1 5.45 (100 em Mgt 4.64 (8 
4305.56 I ‘Sr Il 5.45 (40) 4354.41 ° Fe tt 4.33 (pr) 
Sc Il 5.71 (20) 4385 .38 8 Fe tt 5.38 (7) 
4306.92 I Al It 7.16 (20) 4380.72 2 Ti 11 6.85 (80) 
Bay Ti 11 7.90 (100) on Het 7.93 (30) 
4307.91 4 Fei 7.91 (1000) 4385.02 : Fei 7.90 (150) 
4309. 28 ° Fei 9.38 (125) 388 43 ° Fet 8.41 (125) 
4309 .95 fe) ; 4389.39 fo) Fe i 9.40 (1) 
7 A Ti 11 2.87 (100) 4390.47 3 Mg 11 0.58 (10) 
sacl Fe II 3.03 (1) 4392.00 ° S 11 1.84 (30) 
Fe i 4.29 (4) 4392.66 ° 
aone-27 4 Sc 11 4.08 (150) 4394.05 2 Ti I 4.07 (15) 
; T7 It 4.98 (20) 4395.02 7 Ti It 5.04 (150) 
4315-01 4 Fel 5.09 (500) 4395.86 I Ti 11 5.84 (30) 
4315.98 fe) ee 4390.77 fe) 
4310.77 I Ti 11 6.80 (35) 4308. 36 I Ti 1 8.31 (10) 
4318.25 ° Fe 11 8.22 (0) 4399.78 4 | Tit g.77 (100) 
4319.76 I Fe tl 9.72 (1) 4400 37 I Se 11 0.35 (30) 
a , Ti 11 0.96 (40) 4401 . 30 Oo Fe t 1.30 (60) 
jaee-e5 Sc 11 0.74 (40) 4402.93 2 Fe 11 2.87 (2) 
4322.36 I 4404.70 3 Fet 4.75 (1000) 
4325.05 I Sc II 5.01 (40) 4405 QI ° 
4325.72 3 Fe 1 5.76 (1000) 4406.87 ° 
3260.70 I Mn i 6.76 (3) : Ti 11 9.22 (8) 
oie 56 I Ti 11 0.71 (30) 19. , Ti 11 9.52 (10) 
4336.48 ° Clit 6.26 (45) 4411.09 2 Ti 11 1.08 (100) 
4337.96 4 Ti 11 7.92 (125) 4413.54 2 Fe Il 3.60 (0) 
4338.94 I (Fe 11 8.70 (pr)) 4415.00 2 Fei 5.12 (600) 
4340.44 20 Hy 0.46 (200) 4415.59 2 Sc II §.56 (25) 
4342.51 ° Fe 11 2.36 (0) 4416.82 6 Fe 11 6.82 (7) 
4343.26 I 4417.72 4 Ti 11 7.72 (80) 

- Ti 11 4.29 (50) 4418.35 I Ti 11 8.34 (20) 
4344-17 ” Cri 4.51 (400) 62 Mn 11 9.78 (2) 

" Alt 7.22 (8) 4419.95 . (Fe 11 9.60 (10)) 
4347. 23 oa Al 11 7.32 (6) 4421.71 I Ti 11 1.95 (35) 
4350.91 fe) Ti 11 0.83 (30) 4423.58 ° (Tt 1 3.27 oy) 

ox ‘Fe 11 1.76 (g) 4427.15 ° Fei 7.31 (500 
4351.78 ial (Mgt 1.91 (15)) i Mg 11 7.99 (7) 

; a 4427.91 mn ae. 

4352.77 ° Fe 2.74 (300) ; Ti 11 7.92 (pr) 
4354.33 I Fe 11 4.36 (2) 4431.66 ° Fe 1 1.63 (1) 
4350.53 ° (Al 11 6.71 (7)) | 4434.04 2 | Mg It 3.99 (8) 
4357-50... 2 | Feit 7.57 (4) || 4436.66 : ° | Mg 11 6.48 (5) 
Q508.90......... | ° | Fe 8.50 (70) | re eee | Or) Botnet cae aeake 
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TABLE 1—Continued 


fave Length | Int. | 





Wave Length | Int. | Identification W Identification 
4441.79 o = =6| Tim 1.72 (pr) | | (Ti 11 3.97 (150) 
4443.81 7 | Ti 11 3.80 (125) ASFA OMS «cabs 7 | {Fem 4.17 (2) 
4445.82 ° eee | \Mg II 4.26 (4) 
4440.41 ) Fe 11 6.25 (1) 4539.68. . oO | Cr 119.62 (2) 

| {Ala 7.8 (15) yi?) |. 4 | Fett 1.52 (4) 
4448.00 bs | |Fet 7.72 (200) Pea ° | Ti 1 4.01 (20) 
4449. 50 I | Fe i 9.66 (1) 4540.35 ° | (Cr 15.96 (200)) 
4450.40 4 Ti 11 0.49 (50) 4547.38 o =| (Nit 7.15 (5)) 
4451.54 3 | Fem1.54 (4) | {Fe 11 9.47 (10) 
4452.38 ° = 4549.50 15 | ‘ Ti II 9.03 (200) 
4453.27 in | V 11 3.35 (30) | |Femg.21 (4) 
4454.23 fe) Fe 1 4.38 (200) 4551.62 @ ‘bse ixiwe wea 
4455.28 3 | Fett 5.26 (3) 4553.44 fo) «dh aials eon atone eae 
4450.60 ° | Ti 6.65 (10) ai , | {Bait 4.04 (1000) 
4401.58 3 | Fei 1.65 (300) 4553 98 | \(Zr ut 3.97 (12)) 
4402.50 ° | 4554-97 4 | Crit 5.02 (20) 
| {Ti 4.46 (40) 4555-80 6 Fe 11 5.89 (8) 
4404.40 ‘ V 1 4.32 (40) 4550.91 Oo  lisceece eens 
4406.84 ° Fe1 6.55 (500) 4558.66 6 Cr 11 8.66 (100) 
4408.50 5 Ti 11 8.50 (150) 4500.48 ° skid Hike SE 
a Ti 11 9.16 (1) 4562.79 5 Ti 11 3.77 (200) 
4409.17 ° | \ Fe 9.38 (200) 4504.54 I V 11 4.59 (200) 
4469.88 fe) 4505.77 2 Crit 5.78 (10) 
4470.83 I | Ti 11 0.86 (25) 4567.15 I ree A ee 
: = : | {Het 1.48 (100) 4568. 21 ° | Tim 8.31 (8) 
4471.55 - Het 1.68 (7) 4571.98 5 | Tiit 1.98 (300) 
4472.94 2 Fe i 2.92 (2) es ‘ | {(Fet 4.72 (12) 
4474.35 ° Fe 11 4.19 (0) 4574.93 Zr It 4.50 (2)) 
4481. 20 16 | Mg 1.33 (100) 4576. 36 4 Fe 11 6.33 (4) 
4482.92 re) | (Tit 2.44 (pr)) ae Fe 7.78 oe 

: |S 11 3.42 (100) Pepe | \(O1 7.66 (30 
4493.04 ’ S11 3.63 (50) 4579.34 I | Fem 9.52 (1) 
4487.39 I | {Feit o.05 (1) 

4488 . 30 3 | Tim 8.32 (125) 4580.14 2n_ | 4(Ti 11 0.46 (s) 
4489 . 23 5 | Feit g.18 (4) | (Cr 10.06 (300)) 
4490. 28 ° 4581.71 ° | Fet 1.52 (60) 
4491.42 6 Fe 11 1.40 (5) 4582.81 4 | Feit 2.83 (3), 
Fe 11 3.58 (1) 4583.89 9 | Fe 3.83 (11 
4493 42 7 Ti I 3.53 (8) 4585.69 I | Alu 5.82 (40) 
4405.77 ° Fett 5.52 (pr) 4588. 21 5 | Crit 8.22 (75) 
4499.72 ° Fellg 7I (o) -g g | [Ti II 9.95 (100) 
4501. 29 5 Ti 1 1.27 (100) 45°9 -9 ) | \Cr it 9.89 (3) 
ee Fel 7.19 (0) 4591.20 ° | Crit 1.39 (tr) 
47s «44 . Cr it 7.19 (pr) 4592.09 4 | Crit 2.09 (20) 
4508. 28 7 Fe 1 8.28 (8) 4593.94 ° oo diate Shia hee she eee 
4510.40 fe) Mn it 0.21 (3) 6 {Feit 5.68 (pr) 
4601.57 ° (Cr 1 1.82 (pr)) 4595 99 2 | |A 16.10 (1000) 
4515.36 7 Feit 5.34 (7) 4598.52 I | Fe 8.53 (1) 
4510.85 ° (Cr 11 6.56 (pr)) 4600 .c5 ° | Vito.15 (150) 
4518. 21 in : Fe 11 1.34 (pr) 
4520. 21 6 Fe 11 0.22 (7) sein ” | (C11 1.00 Fi 
4522.64 7 Fe 11 2.63 (9) 4016.67 4 Cr 11 6.64 (18) 
Ti 1 4.73 (10) 4618.82 6 | Crit 8.83 (35) 
4524.92 on | {Fe15.15 (100) 4020.51 4 | Fetro.5r (3) 
| (St 4.95 (150) 4021.57 I | Cri 1.41 (pr) 
4526.32 ° Fe arpa ac 4622.83 mn si 5 raeee ; , eT 
4 | {Fe t 8.62 (600 ae aad (Fel 5.55 (tr 
4528.59 . | \V i 8.51 (300) sa . \Fet 5.05 (100) 
4529.40 I Ti 11 9.46 (40) || 4626.02. I | Fe it 5.91 (1) 
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TABLE 1—Continued 





Wave Length Int. Identification Wave Length Int Identification 
4027.01 Cc Fett 6.78 (pr) 5030.77 I-O Fe 11 0.74 (3) 
4029.24 9 Fe 11 9.34 (7) 5035.76 I Fe 11 5.77 (3) 
4031.52 I (Fe 1 1.89 (0)) 5036.92 o-! Fe 11 6.92 (K2)* 
4632.48 I 5040 .g1 4 S711 1.13 (8) 
4634.08 Ke Crit 4.11 (25) 5042.18 fe) (Fe 1 2.20 (pr)) 
4635.20 4 Fe 11 5.33 (5) 5056.12 6 Si 11 6.17 (10) 

4636. 36 ° Ti 11 6.34 (4) soO1 .60 I Fe i 1.79 (tn) 
4638.01 I Fe 1 8.02 (80) 5063.48 O-1 Fe 1 3.43 (pr) } 
Fe 11 0.84 (0) 5075.78 I-O Fe 1 5.83 (in) 
4640.66 ° (Al 11 0.38 (18) a Feit 3.47 (1n) 
Al 11 0.36 (20)) 5993: 5! : Feu 3.65 (in) 
a Fe 1 6.97 (1) Raia Fe 7.37 (in 
i + Ter 7.21 (18) 5997-25 Cr It 7.29 iy 

: 11 11 3.05 (so) : fh : Fett o.84 (4) 
ies due Ti 11 2.76 (pr) eee <7% ? epi 
4663.73 2 Fe 11 3.70 (0) 5127.91 O-1 Fett 7.87 (1) 

4065 .63 ° Fett 5.80 (pr) 5129.11 I-O Ti 11 9.15 (30) ! 
4666.77 3 + n 6.75 a ce _ 11 6.79 (tr) 
4668.48 ‘i \ el 14 (125 ) ell 6. 1 (pr) 
II 8.58 (50) Fe 11 5.87 (on) 
4670.16 . Fe 11 0.17 (0) 5140.21 I Fe 1 6 12 (pr) 
Sc li 0.40 (300) O 1 6.06 (70) 
4708.62 si Ti 11 8.66 (20) 5147 31 o) Fe 11 7.09 (K2) 
Fe (11?) 8.97 (3) 5149.57 I Fe it 9.54 (an) 
4731.46 6 Fe ti 1.44 (3) 5150.89 O-! Fe 11 0.93 (pr) 
4734.04 O-I Fe (117) 4.09 (3) 4-08 4 Cr 11 3.49 (15) 
4739-57 1-0 Vg 11 9.59 (5) 5153-41 ars Na 1 3.64 (600) 
4755.86 ° (Mn 11 5.73 (0)) 5154.16 I Ti 11 4.08 (15) 
ae , Ti TI 9.95 (100) 5160.82 I-O Fe 11 0.82 (1) 
sla ? (Fe 11 0.07 (pr)) ( 3 : Wg 7.34 (100) 
4805 .09 2 Ti 1 5.10 (125) SFT - 35 , Fe 1 7.49 (700) 
4812.37 I C11 2.35 (25) 5168.97 8 Fe 11 9.03 (12) j 
4824.14 8 Cr it 4.13 (75) Pee Mg 1 2.70 (200) 
4836.16 2 Cr 11 6.22 (25) chia “ (Fe 11 3.00 (o)) 
4848. 28 7 Cr 11 8.24 (60) 5183.62 4 Mg 1 3.62 (500) 
4855.04 I Cr tt 6.19 (20) 5185.87 2 Tt 11 5.90 (35) 
4801.20 15 Hp 1.33 (500) 5188.75 3 Ti 11 8.70 (100) } 
4864.34 3 Cr 11 4.32 (50) 5107.57 7 Fel 7.57 (6) 
es Ti It 5.62 (2) 5210.84 2 Fe 1 6.93 (3) | 
ors-°5 ra Fe 11 6.25 (pr) 5226.60 2 Ti 11 6.55 (50) | 
4871.57 - Fe 11 1.61 (pr) eer Fe (11?) 7.0(K15)—f 
aes Fe 1 1.32 (200) epee Fe 7.19 (400) 
4874.10 Oo Ti 11 4.02 (3) 5227.50 2 (Ti 1 7.89 (pr)) 
4876.40 7 Cr tt 6.41 (50) ee re : Fe t 2.94 (S00) 
4883.57 O-1 V 1 3.69 (200) ee Crit 2.50 (15) 
4884.60 2 Cr It 4.57 (10) 5234.06 7 Fe 11 4.62 (7) 
4911.16 I Ti 11 1.18 (100) 5237.32 } Crit 7.34 (75) 
4923.92 10 Fe tl 3.92 (12) 5237.88 I Fe 11 8.00 (1) i 
4057.54 I Fet 7.61 (300) 5247.94 I Fe 11 8.03 (2) 
4084.55 I-O Fe 1 4.56 (1) 5251.16 I Fe 11 1.31 (2) | 
4993.38 I Fe 1 3.35 (1) 5254.94 3 (Fe 11 4.92 (pr)) 
5001.95 . 3 (Fe 11 1.89 (pr)) 5250.07 I Fe 1 6.89 (K1) 
5004 .03 2n Fe 1 4.26 (3n) 5200.42 3 Fe 11 0.33 (5nn) 
OG (Ti 5.17 (pr) 5262.22 I Ti 11 2.10 (3) 
GOO$ -20 . N 11 5.14 (s500)) . Fe ut 4.23 (in) | 
Se 5204.25 I fa: | 
rm He 5.67 (100) Meg 11 4.14 (5) 
aia adel Fe i 5.77 (0) 5264.87 3 Fe 11 4.80 (2) 
5018.44 10 Fe 11 8.43 (12) 5292.52 2 Fe 2.41 (2) 
* Capital K refers to the intensities in King’s list of iron lines in the visual region (A p. J., 87, 100, 1938) | 








Wave Length Int. 
5275.01 2 
5270.05 1) 
5280.14 I 
5284.15 4 
5291.72 2 
5298.75 O-1 
5300 II I 
5205.42 I 
5410.74 I 
5313.55 : 
5310 71 5 
5315.72 I 
5325-50 3 
5334.99 3 
5330.55 I 
5337.90 2 
5339-53 2 
5340 62 fe} 
5302.55 6 
5387 OI I 
5393.79 oO-! 
5390.02 I 
5401.99 I 
5414.35 in 
5425.32 2 
5427.80 I 
5430.04 2 
5433.00 3 
5435.22 ° 
5497 .04 I-O 
5475.40 2 
5452.25 I 
5497 03 I 
5493.95 ro 
5502.24 I-O 
5503. 29 O-I 


t Stellar character not certain 


t Blended by atmospheric line; but stellar component certain 
6517.0; but they are blended with atmospheric lines 


TYPICAL STELLAR SPECTRA 


TABLE 1 


Identification 


Fe 11 4.98 (0) 


‘OT 5.08 (50) 


Cr 1 4.99 (20) 
Fe 11 5.99 (7) 
Cr 11 9.92 (15) 
Cr 11 0.08 (10) 
Fe 11 4.09 (3) 
Fe 1 1.75 (2nn) 
O 1 9.00 (70) 
Crit 5.85 (25) 
Fe 1 6.23 (on) 
Cri 8.44 (20) 
Cr 11 0.70 (12 
Ci I 3.59 (25) 
Fe 1 6.61 (8) 
Fe 11 6.78 (4) 
Crit 8.41 (4) 
Fe i 5.56 (2) 
Cr 11 4.88 (40) 
Ti 1 6.81 (30) 
Cr Il 7.79 (12) 
Fe 1 7.71 (0) 


_~ 
— 


(Fe 11 0.07 (pr)) 
Fe 11 6.56 (K1) 
Cr 11 6.54 (5) 
Fe i 2.86 (5) 
Feit 7.14 (2nn) 


Fe 1 3.56 (pr) 
Feit 5.86 (1nn) 
Fe 2.11 (2nn) 
Fe ul 4.09 (2) 
Fei 5.27 (2) 
Fe 11 7.82 (3) 
Fe 1 9.70 (500) 
Crit o.41 (pr) 
( 


Fe i 2.98 (pr) 
S 11 2.83 (600) 
O1 5.16 (70) 
Feu 6.95 (3) 
Cr 11 8.35 (15) 
Fe 11 2.40 (2) 
Fe i 2.87 (1) 
Cr It 2.05 (12) 
Cr 11 3.18 (8) 
Fe ul 3.40 (1) 


§ Extending from \ 6561.3 to A 6563.¢ 


Extending from A 6563.0 to A 6564.2 


Continued 


Wave Length 


5500. 24 
5505.69 
5510.80 


Syn ny 
COW 
Oo Of hn 
>a oS 
= CO”n 
oie 


1 


auUuMnnnY 
“1 
wal 


Z 
Yo) 
F 


5978.90 


++ 


SOOL.I1I 
6054.15 
6147.84 
O14Q. 23 
0155.99 
0150.74 
6158.14 
6175.14 
6230.91 
6238.30 
62390 Q7 
0247 53 
0252.51 
0305.20 
0317.50 
6321.90 
0347 1O 
6371.31 
6383.74 
6410.90 
6432.59 
0442.90 
60450 38 
64609 QT 
0472.97 
0475 QT 
0452.1 

6510.1 

0545.9 

6550.11 
6562.28 
0503.5 

6=86 7 
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0 MOH 
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wr OWM 


Ou KW 


nb &- OO RW 
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Identification 


Fe tt 6.27 (3nn) 
Cr 11 8.60 (8) 
Cr 11 0.68 (7) 
O1 2.70 (7oh) 
Fe 1 4.86 (4) 
Fe t 6.76 (4c0) 


‘Het 5.62 (1000) 


Sit 7.61 (5) 
Si 8.97 (7) 
Fe i 1.38 (K1o) 
Few 4.11 (K5) 
Fe 1 7.73 (2) 
Fe it 9.24 (2) 

O 1 5.99 (150) 
O 1 6.78 (300) 
O 1 8.20 (1000) 
Feu 5.16 (1) 
Fei 0.73 (60) 
Feu 8.37 (1) 
Fett 9.95 (K2) 
Fe it 7.56 (3) 
Fei 2.56 (60) 
Fe tt 5.32 (1) 
Fe (11?) 7.40 (K3) 
Fe it 1.97 (1n) 
Si 11 7.10 (10) 
Si 11 1.36 (8) 
Fe tt 3.75 (K5) 
Fe 11 6.90 (1) 
Fe 11 2.65 (K8) 
Fe i 2.97 (K6) 
Fe 11 6.38 (3) 

O 1 6.07 (500) 
(Fe 11 9.58 (pr)) 


Fe tt 2.20 (1) 
Fe 11 6.05 (K20) 
Mg 1 5.80 (10) 


Ha 2.82 (2000) 
Fe 11 6.69 (Ks) 


There may be faint lines of Fett at AA 6401.3, 6403.c, and 
rhe interstellar lines D; and D2 have not been included in the table. 


are doubtful or represent minor contributions. The mean errors of the wave lengths de- 
pend on the character of the line and on the region and may be readily estimated from 


Table tr. 


the observed D lines seem to be chiefly interstellar.’° 


© Merrill, Sanford, Wilson, and Burwell, A p. J., 86, 278, 1937. 


In H and K the stellar and interstellar components appear separated, whereas 
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In the region  <4700 a Process emulsion was used. Because of the excellent quality 
of the spectrograms, many lines could be added to Morgan’s table, and the vast majority 
of his fainter lines, not included in Wyse’s list, have been verified. In the region \ > 4700 
an Agfa Super-Pan Press emulsion was used, and relatively fewer lines were measured, 
Our present list in the visual region differs considerably from Marshall’s, and the identifi- 
cations are now as complete as in the blue and violet parts of the spectrum. In several 
parts of the visual region, weak stellar lines may have been masked by atmospheric 
features. On the whole, very few lines remain unidentified. 

The laboratory wave lengths and intensities were taken from the M./.7T. Wave Length 
Tables, except for Fe 11 (Dobbie), V um (Meggers and Moore), Siu, Mnu, Crt, and 
Ni (mostly Moore, Multiplet Table and unpublished material). The laboratory inten- 
sity scales are sometimes unsatisfactory with regard to uniformity. A photometric sur- 
vey is planned which would replace our estimates of stellar intensities by equivalent 
widths. 

The variations in radial velocity"! and in color’ have occasionally led to the sugges- 
tion's that a Cygni may be a variable star of the 8 Cephei type. The period, if there is 
any, seems’? to be of the order of 0.2 day. A very sensitive criterion should be the profile 
of Ha, which pictures the physical state of the atmosphere. It is known that bright Ha 
exhibits large variations in intensity, the period of which may be several months, al- 
though a short period was not considered impossible." In order to test the possibility of 
a very short period, six coudé spectrograms were taken during the night of August 4, 
1940. They are excellent in the visual region and cover an interval of 0.25 day. There is 
no indication of a change in the profile of the complex line Ha. 


We are greatly indebted to Mrs. Moore-Sitterly for her unpublished wave-length 
tables of various elements. 
McDonaLp OBSERVATORY 
AND 
YERKES OBSERVATORY 
June 1941 
™ Paddock, Lick Obs. Bull., 17, 99, 1935. 


12 Greaves, Davidson, and Martin, Pub. Royal Obs. (Greenwich), 1932, p. 54; Giissow and Guthnick, 
Klein. Veréff. (Berlin-Babelsberg), No. 8, 1930, star No. 419. 


13 C. and S. Gaposchkin, Variable Stars, p. 177, 1938. 


14 Struve and Roach, Ap. J., 78, 302, 1933. 
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THE DISTANCES OF THE REDDENED B STARS 
JOHN A, O’KEEFE 


ABSTRACT 


The spectral types and luminosities of 179 heavily reddened B stars have been estimated on low-dis- 
persion slit spectrograms. Excluding the reddened Be stars, which may be reddened by intrinsic causes, 
the reddening of the B stars is attributed to a very patchy layer of absorbing matter. The coefficient of 
absorption is found to vary rapidly and to reach its highest values in the obvious dark areas. By using 
the reddened B stars, the distances of the largest dark nebulae are estimated, and the results are com- 
pared with the star counts. The agreement is good for the more distant dark nebulae and poor for the 
nearer ones. This is interpreted as confirmation of the connection of the reddened B stars with the 
dark nebulae. 


I, THE OBSERVATIONS 


In several recent papers! Stebbins, Huffer, and Whitford have discussed the selective 
absorption in the Galaxy as measured by the colors of the B stars which they have ob- 
served. They find a large range in the color excesses of their B stars even when these are 
comparatively near one another and at the same estimated distance. In the fourth of 
these papers they suggest two possible explanations: (1) that the heavily reddened stars 
are c stars or other highly luminous stars; (2) that the absorption is spotty and that the 
more heavily reddened stars lie in regions of great obscuration. A third possible explana- 
tion, which they do not mention, is that a part of the reddening of the B stars is due to 
intrinsic causes. The present paper is an attempt to find out, by a spectroscopic examina- 
tion of the heavily reddened B stars, to what extent each of these causes contributes to 
the observed irregularity. 

The material and the methods of observation.—The material consists of spectrograms 
of 179 B and A stars chosen from the catalogue by Stebbins, Huffer, and Whitford of 
1332 B stars.? In the northern hemisphere, spectra have been obtained for nearly all 
such stars; in the southern hemisphere nearly all stars down to 9.0 mag. have been 
photographed. The first catalogue of 733 stars is nearly complete from O to Bs, brighter 
than 7.5 mag. and north of 6 = —15°; and the catalogue of 1332 B stars is nearly com- 
plete from O to B2, to —40° and to the limit of the Henry Draper Catalogue. The ma- 
terial discussed here includes, therefore, most of the reddened B and A stars within these 
limits and brighter than 9.0 mag. in the southern hemisphere. It does not include stars 
which they list as O’s. 

These stars have been classified and their luminosities determined on low-dispersion 
slit spectrograms. The majority of the stars in the northern hemisphere were photo- 
graphed at the Yerkes Observatory with a dispersion of 110 A/mm at Hy. For the south- 
ern stars, as well as for some faint northern stars, the Cassegrain spectrograph of the 
McDonald Observatory was used, giving a dispersion of 76 A/mm at Hy. Comparison 
stars taken with the same instrument were obtained for both sets of spectrograms. At 
first, the 40-inch telescope was diaphragmed for the brighter stars; but since this amount- 
ed to diaphragming the spectrograph, this practice was discontinued, for fear of sys- 
tematic differences in definition between the brighter and fainter stars. Agfa Super-Pan 
Press films and Cramer Hi-Speed Special plates were used. The scale of spectral types 
and absolute magnitude was that of Williams and Edwards.’ However, it was impossible 


t Joel Stebbins and C. M. Huffer, Pub. Washburn Obs., 15, 217, 1934; Joel Stebbins, C. M. Huffer, and 
A. E. Whitford, A p. J., 90, 209, 1939; 91, 20, 1940; 92, 193, 1940. 

2 Op. cit., 91, 20, 1940. 

3 E. G. Williams, A p. J., 83, 305, 1936; E. G. Williams and D. L. Edwards, M.N., 98, 467, 1938. 
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to use Williams’ criteria of spectral type. The lines of ionized elements upon which he 
depends were usually too faint on the dispersion used to permit accurate estimates of the 
intensities. From the standard stars, therefore, another set of criteria was devised 
(Table 1). 

No attempt was made to assign luminosities to normal Be stars or to stars whose 
diffuse H absorption lines suggested a state of incipient emission, On the other hand, a 
group of stars having narrow lines and having emission at Ha and sometimes at 7/8 were 
considered to be fundamentally different and were classified with the normal stars. The 
distinction between these stars is perfectly clear in h and x Persei, for example, where a 
few of the very brightest stars have Ha in emission; and many stars around the tenth 
magnitude are typical Be’s. The distinction is usually easy to make observationally, 
since the lines of normal Be stars are extremely broad and shallow. 

The criteria used for spectral type are somewhat sensitive to luminosity, and vice 
versa. It was therefore necessary to classify at the same time for spectral type and for 
luminosity. The procedure was to estimate the type roughly, using all visible lines; then 
to determine the luminosity by comparison with standard stars of the same rough type; 
and finally to determine the type by comparison with stars of the same luminosity. 


TABLE 1 


CRITERIA OF SPECTRAL TYPE AND LUMINOSITY 


= eS res Criterion of 
Type Criterion of Type 


Luminosity 
O Heu/Het 
Bo On, Sitv, C m1 Het 
Br, B2 Ou, Si tv H 
B3-B8 Het H 
B8—-A2 He1/Siu, Siu/Feu H 


In this work it was considered sufficient to estimate the difference in the intensities 
of the lines under an eyepiece. Williams and Edwards remark that on their dispersion 
(about twice that used here) it was ‘‘barely possible”’ to detect the difference in intensities 
of the H lines between the main-sequence star « Herculis and the giant 67 Ophiuchi. 
With the dispersion used in this investigation, the difference was quite striking and could 
be subdivided into at least three or four steps. This result is probably due to the smear- 
ing-out of the line core by the lower resolving-power of the spectrograph, as well as to 
the crowding-together of the wings of the lines. 

It was found that the apparent intensity of the 7/ lines was decreased on overexposed 
spectrograms and increased on those underexposed. In order to allow for this, deliberate- 
ly overexposed and underexposed spectra were obtained for the standard stars. 

Comparison with other observers —A comparison of the types of this list with those of 
the Victoria catalogue of radial velocities gives, for 58 stars, a probable error of +1.1 
spectral subtypes and a systematic difference, Victoria minus O'Keefe, of +0.4. For 
the same group of stars the probable error derived from a comparison with the Harvard 
types is +1.7, with a negligible systematic difference. The rather large accidental errors 
are due in part to the difficulty of classifying the Be and c stars which make up sucha 
large fraction of the reddened B stars. For example, for 875 stars in the Victoria cata- 
logue of radial velocities the probable error from comparison with the Harvard classes 
is +0.9 spectral subtypes; but for 58 reddened B stars this becomes +1.3. 

For the later B stars there is a systematic difference between the Harvard classifica- 


4J. S. Plaskett and J. A. Pearce, Pub. Dom. Ap. Obs., 5, 99, 1931. 
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DISTANCES OF REDDENED B STARS 355 
tion and both the Victoria classification and the present list, in the sense that late B and 
A supergiants tend to be classified earlier at Harvard. This is undoubtedly due to the 
use, by the Harvard observers, of the H lines as criteria of spectral type. The supergiants 
resemble the early B stars in the weakness of their H lines. 

A. D. Thackeray and H. E. Butlers give a method for finding the true dispersion of 
a set of spectral types from a comparison of three catalogues, on the assumption that 
there is no correlation of the systematic errors. A solution by this method, using the 
Draper and the Victoria catalogues, gives a probable error of + 1.1 spectral subtypes for 
the types of the present paper. This is by no means an accurate estimate, since the con- 
dition of independence of the residuals is certainly not satisfied. Nevertheless, we may 
conclude that the probable error of the present types is of the order of +1 spectral sub- 
type. 
: The normal colors of the stars used in this paper are those given by Stebbins and 
Huffer.° Since the differences in normal color from one subclass to the next between 
Bo and A2 average 0.014 mag., the above value of the probable error of a type implies 


TABLE 2 


STARS IN h AND x PERSEI 


Vis Spec. Obs. Color Abs. Distance 

ates Mag. Type Color Excess Mag. Modulus 
13716 8 Bi —o.06 +0.15 =a 10.8 
13745 7.90 Bo | — .09 13, | 4.5 11.6 
13841 7.27 B2 | — .07 13 | 5.0 $X.3 
13854 6.42 Bi | — .o4 5% | ey, 10.9 
13970 8.5 Bi |} — .07 14 4.0 15.5 
14053 8.3 Bi | = 14 3-5 10.8 
14134 6.66 Bit | + .03 24 4.0 9.0 
14143 6.66 Bi+ + .o6 a 5.8 10.6 
14322 6.84 B8 | fore) 53 5.8 ey 
14542 6.95 B3 Be ae). . 36 4.3 8.7 
14818 6.24 B2+ + .06 20 S93 10.1 
14956 7<§2 Bi+ +0.16 +0 .37 =—§.0 10.5 


a probable error in the estimated true color of +0.015 mag. The errors of the measured 
colors are estimated by Stebbins, Huffer, and Whitford’? as +0.01 to +0.02 for colors 
measured at Mount Wilson and +0.02 to +0.03 for colors measured at Madison. Thus, 
the contribution of the errors of classification to the error of the color excesses is approxi- 
mately the same as that of the photoelectric colors. The accidental probable error of a 
color excess in the present paper is therefore +0.02 to +0.03. There is a considerable 
possibility, as was pointed out by the photoelectric observers, that the normal colors 
are affected by systematic errors of somewhat larger size. 

We may test the luminosities of the present work by comparing with the apparent 
magnitudes, corrected for absorption, of the stars in hand x Persei. In Table 2 are given 
the results of this comparison for 12 stars in the cluster which are of type B, have radial 
velocities in the neighborhood of — 40 km/sec, and have colors by Stebbins, Huffer, and 
Whitford. The radial velocities were published by van Maanen,* who attributed these 
stars to the cluster on this ground. It is, however, immaterial for the present purpose 
whether the community of velocity is due to cluster motion or, as has been suggested, to 
galactic rotation. In either case we have a group of stars at roughly the same distance. 


5M.N., 100, 450, 1940. 7 Op. cit., 91, 25, 1940. 
© Op: cit.,. ps22%. § Mt. W. Contr., No. 205, 1920. 
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The absorption is assumed, in conformity with Stebbins, Huffer, and Whitford, to be 
seven times the color excess. 

The mean value of the distance modulus is found to be 10.8 mag., corresponding toa 
distance of 1350 parsecs, or somewhat lower than the values determined in other ways, 
The probable deviation of an individual value is + 0.61 mag.; this corresponds to a prob- 
able error of about 30 per cent in the distance. 

Observational results.—A considerable number of stars of very high luminosity have 
been found in the course of the present work. Those not previously announced are given 
in Table 3. In addition to these stars, the majority of the heavily reddened B stars are 


TABLE 3 
HD Myis Sp M I 
15785... 8.41 Br —5.6 +o. 29 
413098 7-45 Bi 6.0 19 
164865. 7G Bs 5.6 44 
167838 6.04 Bo 5.6 24 
170938 8.1 Br Er, 49 
E227836 9.6 Bsea —5.5 +0.109 


more luminous than average main-sequence stars. Thus, out of the 130 stars whose ab- 
solute magnitudes are given in this paper, 56 are between —5.1 and —6.0, 30 are be- 
tween —4.1 and —5.0, 29 between —3.1 and —4.0, 13 between — 2.1 and —3.0, and 
2 are fainter than — 2.1. Two-thirds of these stars are brighter than — 4.0. 

The star HD 174571 was found to have Ha bright; and the stars HD 173438 and 
216411 were also suspected of having emission at Ha. 

Table 4 lists the stars studied in this paper. It is arranged in the same way as Table 2, 
except that the seventh column gives the computed distance in parsecs; an asterisk in 
the eighth column indicates a note at the end of the table. Since some of the plates used 
in the present investigation were not red-sensitive, it has been impossible to make an in- 
dependent investigation of the emission in these stars. For this reason, in the third col- 
umn the notation ‘‘e,”’ ‘‘ea,”’ etc., is taken from the catalogue of Stebbins, Huffer, and 
Whitford (who had access to Merrill’s unpublished material), except in the case of the 

227836, for 


3 stars mentioned above and of the stars HD 194839, HD 195592, and E227 


which the notation was changed from “‘e”’ to ‘‘ea”’ to conform with Merrill’s notation for 
stars of high luminosity. 

For 3 double stars for which only the combined light is accurately known, the mag- 
nitude of the brighter component was computed from the difference of brightness in 
Aitken’s Catalogue of Double Stars, and the distance modulus was obtained from the 


corrected magnitude. 
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TABLE 4 





Vis. Spec. Obs. Color Abs. ees 
Mag. Type Color Excess Mag. Distanee 
7.8 Bo —0.02 +o.20 —4.5 1500 
8.3 B1:€ + .05 20) bo aaweusitea ey ace 
7-40 A2 - .23 28 5.5 1500 
8.2 Bo «ke 30 3-5 850 
7.9 Bs + .06 23 2.5 550 
7.06 Bs + .14 ZI 6.0 1500 
7.7 Bi - 13 34 4.5 goo 
8.4 Br + .07 28 4.0 1200 
8.4 B2 + .15 35 4.0 1000 
ye Brea + .03 24 3.0 500 
7.406 B4:(e) + .16 .34 Ss 1300 
7.206 Bs + .07 2 on 1500 
7s B3+ — .OI 18 5.0 1700 
8.2 Boe + .ol 23 7 a Van 
5.02 B6 + .05 21 6.4 g50 
5.90 \2 + .o6 11 g.5 1300 
0.50 A2 + .16 21 5.5 1300 
7.8 Ao + .20 30 5.5 1700 
7.05 Ao + .10 20 $.§ 1700 
6.66 Bi+ea + .03 2 4.0 650 
6.66 Bi+ + .06 27 a<§ 1300 
6.54 \r + .13 20 <8 1300 
7.40 At + .21 28 §.s 1600 
6.95 B3 see 36 4.3 550 
6.24 B2+ea + .06 26 ey I100 
7.32 Bi+ 7 36 37 5.8 1300 
7.30 At +330 37 5-5 1100 
7.20 Bs + .26 43 s 8 1000 
7.82 O7 —~ .12 Se bs. ovicie seine «Patan seceauies 
8.0 06 + (20 ps Oe Sree | ere ee 
8 Bi + 02 23 &26 2400 

OW B2 + 18 38 5.0 1000 
8.41 Bi + .08 29 5.6 2500 

8 B2+ + 11 31 4.§ 1400 

y ie A2 + .30 44 6.5 T100 
7.54 Ao ~~ 25 35 5.5 1300 
8.0 Bs + .28 45 e.¢ 1200 
7.78 B8 + .16 2G 5-7 | 2000 
7.91 O8 “> 05 28 : Save rece. 
6 54 Be + oo 20 

7.90 Boe + .04 16 ivighban fle Giate cnnke 
8.3 Boze + 11 33 ee re 
1.76 Aoea “59 23 5-5 55° 
7.37 Bi+ + .0 25 3.5 850 
7.00 B3 + 11 30 25 300 
a8 Bse + .o6 23 Pres rete ee 
6.76 Bi + 08 20 S58 1100 
6.87 Bi + .o1 22 3.5 600 
7.02 B4 + .o9 27 —5.0 I100 
var. Boze +0.04 MEG SO OE denied ears 
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53307 
60308 
147889 
150475 


151397 
154090 
150134 
150154 
156201 


158705 
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1601050 
101103 
161306 


162168 
102717 
162718 
103777 
104103 


164865 
165049 
1052385 
105319 
165517 


165655 
165392 
165998 
166418 


166787... 
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TABLE 4—Continued 
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Vis. Spec 
_ Mag. Type 
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ADS 2984, = 485, and = 484, in 
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TO TABLE 4 


In M 8, nebula 

D, in emission 

In NGC 6604 

In M 16 

Strong O11, especially lines near 4345 
and 4419 

In IC 9287 

Like 169454 

Companion Ao. Star appears of normal 
color on plate taken by Tikhov meth- 
od for obtaining color. ADS 12093, 
DY 2470. 6.63 mag. and 8.0 mag. 

Appears nebulous on Ross Aflas 

AG Pegasi. Color perhaps due to red 
companion discovered by Swings and 
Struve 

Like 1090454 

ADS 163094, = 2961, 8.0 mag., 8.0 mag. 
Type for combined spectrum 

















II. DISCUSSION 


The strong galactic concentration of the 
reddened B stars which was pointed out 
by Stebbins and Huffer is exhibited in 
Figure 1. The reddened Be stars are evi- 
dently less closely concentrated to the 
galactic plane than the normal reddened 
B stars; in fact, their dispersion about the 
galactic plane is 8°3 + 1°1 (mean error); 
that of the normal B’s is 420 + 022. .If 
even a fraction of the Be stars are intrinsi- 
cally reddened, then the reddened Be stars 
will not show the extreme galactic concen- 
tration of the normal reddened B stars, 
ince this effect is at least partly due to the 
absorbing layer. This cannot be the effect 
of weaker galactic concentration in the 
Be’s than in the normal B’s, for the mean 
galactic latitude of all emission B’s in the 
catalogue of Stebbins, Huffer, and Whit- 
ford is 1196 + 0°6; that of the nonemission 
B’s is 13°99 + 093. If, however, the dis- 
persion in the luminosities of the normal 
B’s is, as seems probable, much larger than 
that of the Be’s, then it is likely that the 
reddened B’s have a higher average ab- 
solute magnitude than the reddened Be’s, 
even though the nonreddened B’s have the 
same or lower. This would account for the 
effect. On the other hand, there is other 
evidence that at least some Be stars,’ such 
as y Cassiopeiae, Pleione,'° and P Cygni,"' 
are reddened by intrinsic causes. For this 
reason the Be stars (excepting the ea stars) 
and the incipient Be stars are not consid- 
ered reliable indicators of space absorption 
and are excluded in the remainder of the 
discussion. 

The distribution of the reddened B stars 
exhibits a second peculiarity, namely, the 
avoidance of the regions from / = 345° to 
1 = 40°, north of the galactic plane; from 
1 = 115° to / = 150°, on both sides; and, 
less definitely, from 50° to 60° and from 80° 
to go”, north of the galactic plane. The 


9K. G. Williams, Ap. J., 79, 200, 1934. 
0 E. G. Williams, Observatory, 62, 301, 1939 


'tF. Sherman and W. W. Morgan, Ap. J., 89, 
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accompanying plates show that each of the regions of avoidance is a dark region of the 
Milky Way. The fidelity of the Ross-Calvert mosaic to the general features of the Milky 
Way, as wellas its finer detail, can be tested by a comparison with A. Pannekoek’s photo- 
metric studies of the northern’ and southern'’ Milky Way. Theagreement of the major 
features is satisfactory. 

The distribution in depth.—In Figure 2, the color excesses of the stars of Table 7 are 
plotted against their distances. The double cluster in Perseus is plotted at the previously 
derived distance of 1400 parsecs and with the colors of the stars of Table 4 which are 
members of the cluster. The vacant spaces at the bottom and upper right of the figure 
are due to selection. The former is due to the choice of stars to which Stebbins, Huffer, 
and Whitford assign a color excess of +0.20 or more; and the second to the impossibility 
of observing distant stars of very heavy reddening, because of their faintness. 

The solid line in Figure 2 represents Stebbins, Huffer, and Whitford’s average coeffi- 
cient c of selective absorption, 0.12 mag/kpc, which is in rough agreement with other 
determinations of the average absorption. Obviously, we cannot account for the redden- 
ing of the majority of the stars of this paper by an average coefficient of selective absorp- 
tion. There is no contradiction here with the results of the photoelectric observers, since 
stars of low reddening are excluded from the present paper and since they excluded cer- 
tain heavily reddened stars. The heavily reddened B stars cannot be brought into line 
with the average coefficient of selective absorption even if they are assigned abso- 
lute magnitudes as high as —6.5. Since Hubble has shown" that this is of the order of 
the mean photographic luminosity of the brightest stars in a galaxy, a further great 
increase in our estimates is improbable. 

Stars giving a large coefficient of absorption.—Two of the three causes of abnormally 
large reddening which were suggested at the beginning of the discussion have been con- 
sidered, namely, the stars of very high luminosity and those with intrinsic reddening. 
To test the third possibility, that they are connected with regions of unusually great 
absorption, the dotted line has been drawn in Figure 2, representing a coefficient of selec- 
tive absorption of 0.5 mag/kpc. The stars lying to the left of this line are undoubtedly 
unusually heavily reddened; the luminosity of any one of them would have to be in- 
creased by 3.1 mag. to bring it into agreement with the mean coefficient of selective ab- 
sorption. These stars are plotted on the Ross-Calvert mosaic in Plate XVIII. It is evi- 
dent upon inspection that most of them are connected with dark masses, notably the rift 
nebula, the dark nebulosity around the North America nebula, and the dark nebula in 
Auriga. HD 21483, which is not included on the mosaic, lies at the end of the dark nebu- 
la B 204. The association of the most heavily reddened B stars with the edges of dark 
masses has been pointed out by Stebbins, Huffer, and Whitford." 

Stars giving a normal coefficient of absor ption.—On Plate XIX are plotted the stars lying 
below and to the right of the broken line in Figure 2. For these stars the computed ab- 
sorption coefficient is not greater than 0.15 mag/kpc, and hence of the order of the aver- 
age coefficient of selective absorption. These stars of normal reddening are distributed 
quite differently from the stars of very high reddening. There are several of them in the 
bright region from / = 335° to/ = 342°, where there is none of the others; and there is 
none beyond / = 342°, although several of the first group are present. Another fraction 
of this group is in the bright part of Cassiopeia following / = 80°, and in the region of the 
double cluster in Perseus. Comparison with the abnormally reddened stars indicates a 
marked decrease in the absorption near / = 80°. 

Analysis by regions.—The distances given in Table 4 can be used to determine the 
distances and to measure the absorption of the obscuring matter in each of the principal 
divisions of the northern Milky Way. In general, these results follow a certain pattern. 


12 Leiden Ann., 11, Part III, 1920. 14 Ap. J., 84, 164, 1936. 


13 Bosscha Ann., 2, Part I, 1932. 15 Op. cit., 90, 223, 1939. 
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Two series of obscuring nebulosities seem to bound a clear lane in which the sun lies. 
One series lies on the side toward the galactic center and is seen as the rift, extending 
from near-by matter at / = 340° to distant dark nebulae in Cygnus. The outer series 
begins in the dark matter in Cygnus and extends toward the sun through the dark matter 
in Cepheus; it is at its nearest in Auriga and Perseus and is more distant in the portion 
of Orion which lies near the galactic plane. Each of these series has holes through which 
much more distant stars are visible. 

The series on the side toward the galactic center begins with the dark mass near 
6 Ophiuchi, for which, from HD 160529, a distance of less than 500 parsecs and an ab- 
sorption of 3.6 mag. in the outer parts is found. Between this dark nebula and the south- 
ern end of the rift (i.e., from / = 332° to/ = 342°) there is a gap in the series. Nine stars 
in this region at distances not less than 1ooo parsecs are listed in Table 5. 

The next region is the southern end of the rift. For this cloud we have a distance of 
350 parsecs from HD 170740, which is actually in the dark nebula and illuminates it. 
HD 161056 gives an accordant value of less than 400 parsecs. The nebulosity near 
p Ophiuchi, which is probably connected with this, has, from HD 147889, which illumi- 
nates it, a distance of 300 parsecs. 


TABLE 5 


DISTANT STARS BETWEEN LONGITUDES 332° AND 342° 


HD Absorption Distance HD Absorption Distance 
(Mag Parsecs Mag.) Parsecs 
162717 28 1400 166418 2.0 1400 
103777 2.0 3500 100757 2 2200 
164865 22 1200 168352 5 1500 
1605049. 2.1 1000 1608571 4 1100 
105592 oS 1000 


These values are considerably higher than other determinations. From star counts 
Greenstein” finds a distance of 125 parsecs. For the nebulosity near p Ophiuchi, Struve 
and Greenstein’? find a distance of 100 parsecs. This discrepancy results from the use 
of a value of 7 for the ratio of color excess to total visual absorption in this paper, com- 
pared with 8 in theirs; and a value of — 2.7 for the luminosity of the main-sequence B3 
star HD 147889, compared with their value of —1.c. 

The values found for the absorption in this nebula go up as high as 4.5 mag. for 
HD 169034. The average value given by Greenstein is o.g mag. An average value can- 
not be found spectroscopically unless account is taken of the nonreddened stars; hence, 
there is no real contradiction here. 

Along the remainder of the rift, as far as / = 30°, there are no more near-by reddened 
B stars of the present list—a fact which suggests that the matter isat greater distances. 
The nearest reddened B star is HD 183143 at a distance of 750 parsecs at / = 25°. It has 
suffered an absorption of 3.6 mag. There is a strong suggestion, from the general appear- 
ance of the Ross Atlas, that the number of stars between us and the dark matter is greater 
at this northern part of the rift than at the southern end. 

The region of the southern part of the Cygnus cloud, together with a dark cloud be- 
longing to the rift at / = 35°, contains no reddened B stars of this program. At the north- 
ern end there are regions of unusual transparency, in which are 2 reddened main-se- 
quence B stars at the tenth magnitude (E227415 and E227460 at distances of 1100 and 
1000 parsecs, respectively). This region ends in a dense dark nebula at the northern end 


16 Harvard Ann., 105, 359, 1936. 17 Ap. J., go, 625, 1939. 
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of the cloud, surrounding the North America nebula, which is indicated, by the present 
material, to be at a distance not greater than 650 parsecs. It forms the beginning of the 
outer series of obscuring clouds. The absorption is very great; several reddened stars at 
the edges have suffered more than 3.5 mag. absorption, and they cease altogether in the 
middle of the dark cloud. 

In the region from / = 55° to/ = 80° there are 20 stars of this paper with known dis- 
tances. The least distance is 450 parsecs for HD 207260, and only 3 stars (HD 212455, 
216411, and 218342) are at distances greater than 1000 parsecs. This narrow range in 
distance is not merely observational, since there is a range in apparent magnitude from 
4.5 mag. to 9.8 mag. The absorption appears to set in at 550 parsecs, since there are sev- 
eral stars at this distance and only one at a smaller distance. It attains values up to 2.5 
mag. In Table 6 the individual absorptions and distances are given. 

In the Cassiopeia-Perseus region, which is here taken as extending from / = 80° to 
] = 110° and which includes the following portion of Cassiopeia, together with a small 
portion of the preceding end of Perseus, including the double cluster, there are 35 stars 


TABLE 6 


STARS IN THE CEPHEUS-CASSIOPEIA REGION 


HD Absorption | Distance HD | Absorption Distance 
197779: 1.0 550° 208218 rs 700 
1992160 a 75° 209744 a 55° 
200857 2.5 650 210352B 2.0 600 
203038 2.4 550 212455 1.9 1300 
204110 2.1 600 213057 1.6 700 
204827 24 $00 210411 2.5 1300 
2051960 2.0 1000 210711 2.4 600 
207260 1.6 450 217035 1.9 850 
207793 I.9 550 217297 5 g5° 
207872 1.8 750 218342 2/2 I100 


with known distances, counting the double cluster as 1 star. Of these, only 6 stars have 
distances less than roco parsecs. Four stars (HD 225146, 15571, 15785, and 17857) are 
at distances of 2000 parsecs or more. For such a region it is difficult to assign a distance 
to the absorbing material; it is evident that there is little dark nebulosity dense enough 
to produce reddening greater than 0.20 mag. until distances of the order of 1000 parsecs 
are reached. It is evidently a hole in the outer series of dark nebulae. 

Near longitude 110° the outer series of dark nebulae continues. A dark region extends 
through the following part of Perseus and into Auriga, as far as] = 140°. At the pre- 
ceding end of the mass is the star HD 21389, which appears nebulous on the Ross Aflas. 
This determines the distances of the dark matter near / = 110° as 550 parsecs. In the 
region of Auriga, at ] = 135°, or nearly opposite the nebulosity in Ophiuchus, we find 
HD 31327, 33203, and 21483—all at distances of the order of 300 parsecs. Absorptions 
in this region, which is probably connected with the Taurus nebulosity, range up to 2.9 
mag. for HD 33203. 

Here, as in the case of the Ophiuchus dark nebula, there is a considerable divergence 
between he distances from star counts and those from the reddened B stars. Green- 
stein’ gives a distance of 145 parsecs for the Taurus nebulosity. The 3 stars found here 
beyond the Taurus-Auriga portion of the nebulosity are all main-sequence B stars; hence 
the matter depends on Williams’ absolute magnitudes of such stars. The largest dis- 
crepancy, for HD 21389, in the Perseus portion of the nebula, follows directly from the 


8 Toc. cit. 
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absolute magnitude of — 5.5 assumed here for cA stars. The divergence from the results 
of the star counts may perhaps be due in part to the extension of the Taurus nebulosity 
in the line of sight. The Taurus nebula has an enormous extension on the sky; it is prob- 
ably connected with the dark masses in southern Orion on one side and in Perseus on the 
other; hence it is not improbable that its radial extension is also very great. 

From 4 stars (HD 39970, 41398, 43384, and 43818) in northern Orion and the southern 
part of Gemini we find for the obscuring matter in this region a maximum distance of 
goo parsecs and absorptions as high as 1.5 mag. From this region onward through 
Monoceros the Milky Way appears to be extremely transparent. Even if allowance is 
made for the incompleteness of the photoelectric colors at this low declination, the small 
number of the heavily reddened stars is striking. 

Comparison with other determinations.—The results of the discussion of the absorbing 
matter of the Milky Way are summarized in Table 7. For comparison the distances and 
average absorptions determined from star countsare taken from Greenstein’s summary." 


TABLE 7 


DISTANCES AND ABSORPTIONS OF THE DARK NEBULAE 


SPECTROSCOPL DETERMINATION FROM 
DETERMINATIONS Star COUNTS 
GALACTIC 
LONGITUDE Rucion 
Absorption Distance Absorption Distance 
mvyis Parsecs mpg) Parsecs) 
340° —350 Ophiuchus ee 300 0.9 125 
25 | Cyg-—Sge 3.6 <750 
45-55 Cygnus 3.9 <650 ee 700 
55 — 80 Cep-—Cas 2.5 550 "oY 500 
110°—-140 Per, Aur, Tau 2.9 < 300 ae 145 
150 Ori-Mon 1.5 <g00o 


The dark matter in Orion and Monoceros near/ = 150° is not far from the dark nebu- 
la near S Monocerotis. Wolf?® found for this dark nebula a distance of 800 parsecs and 
an absorption of 2 mag. photographic. These values are quoted by Bok.” 

The agreement between the distances determined spectroscopically and those from 
star counts is fair for the dark nebulae in Orion, Cepheus—Cassiopeia, and Cygnus; it is 
poor for the nearest nebulosities, in Ophiuchus and Taurus, as has been remarked. Be- 
cause of the small number of stars used in these determinations of distance, they cannot 
be regarded as of equal weight with those from other sources. They serve principally to 
check the hypothesis that the dark masses are responsible for the heavily reddened B 
stars. The absorptions found in this paper are not comparable with the average absorp- 
tions found from star counts. These values are always maximum observed absorptions. 
Without data on the distances of the less reddened stars, average absorptions cannot be 
found. Moreover, the complete absence of reddened B stars from the densest parts of 
the dark regions in Cygnus, Sagitta, Serpens, and Ophiuchus suggests that the absorp- 
tions there are so high and set in so suddenly as to be out of reach by the present methods. 

The recession of the dark matter of the rift as one proceeds from Ophiuchus along the 
Milky Way toward the southern part of Cygnus is suggestive. If one accepts a distance 
of 300 parsecs at / = 340° and one of 750 parsecs at / = 25°, this mass is found to lie at 

*9 Loc. ctt. 

20 Seeliger Festschrift, p. 312, Berlin: Julius Springer, 1924. 

21 The Distribution of the Stars in Space, p. 81, Chicago: University of Chicago Press, 1937. 
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an angle of between 75° and 80° toa radius from the center. It would thus bound, on the 
side toward the galactic center, a clear region, surrounding the sun and extending toward 
the Cygnus cloud. The boundary on the side away from the galactic center is formed by 
the Cygnus, Cepheus, Taurus-Auriga nebulosities, and the dark nebula near S Monocero- 
tis. Such a clear space was suggested by Stebbins and Huffer in their discussion of the 
reddened B stars,except that they regarded it as directed toward / = 10°. In this direction 
they had found very few reddened B stars. But if one accepts the interpretation of the 
present paper, that the absence of reddened B stars in the blacker parts of the rift is a 
consequence of their great absorption, then it is necessary to shift the direction of the 
clear lane northward toward that indicated by the present paper. The independent 
evidence from the blue B stars” would by itself suggest such a direction for this clear 
space. 


It is a pleasure to express my gratitude to Dr. Otto Struve and Dr. W. W. Morgan 
for their help and criticism in carrying out this investigation, and to Mr. F. R. Sullivan, 
who helped in the observations. 


YERKES OBSERVATORY 
June 1941 


22 Cf. the diagram by Stebbins and Huffer, op. cil., p. 240. 











THE SPECTROSCOPIC ORBIT OF 68 LYRAE 
FRANCES SHERMAN 


ABSTRACT 
By using a method developed by Sterne, a new orbit has been computed for the B8 component of 
6 Lyrae. For the years 1932-1938 covered by the Yerkes observations the unpublished period by Wesse- 
link (12.92529 days) represents the observations better than does Rossiter’s formula. No striking differ- 
ences have been found between the new elements and those computed by Rossiter. K = 183.5 km/sec; 
w = —49°; To = 9.534 days; e = 0.024; and y = —21.2 km/sec. T, is the “epoch of the mean longi- 
tude,” suggested by Sterne. The conventional element 7, the time of periastron passage, is 7.768 days. 


I 


In order to determine whether the spectroscopic orbit of 8 Lyrae has undergone ap- 
preciable changes since 1922, when it was determined by R. A. Rossiter,’ a new orbit, 
based on spectrograms taken at the Yerkes Observatory between the years 1932 and 


TABLE 1 


STAR LINES OF B8 COMPONENT OF 6 LYRAE 
USED FOR RADIAL VELOCITY 


Element Wave Length Element Wave Length Element Wave Length 
Nit 4067 .04 Feu Asst 77 Feu 4522.64 
S71 4128.05* Fett 4385 .30T Feu 4549.48 
Oeil. . 4130. 88* Fel 4416.83 S71 4552.61 
Feu 4173.47 Mgu 4481. 24* Fe 4555.89 
Feu 4178.86 Feu 4508. 29 Crit 4558.65 
Fel 4223.17 Few 4515.34 Feu 4583.84 
Fei 4303.18 Fell 4520. 23 


* These lines were given double weight 
t This line was omitted from the measures of some plates because of blending with the line He1 4388 


1938, has been computed. The series of plates consists of 121 spectrograms taken on 
Process emulsion with the one-prism Bruce spectrograph and the 24-inch camera. The 
dispersion is approximately 26 A/mm at Hy. 

Twenty relatively unblended lines of the B8 spectrum were used for the radial-velocity 
measurements. These lines are shown in Table 1. The lines $7 11 4128, $7 11 4130, and 
Mg 11 4481 were given double weight because of great strength and excellent quality. 

Alllines of Table 1 which were visible were measured on each plate. Most of the plates 
were of excellent quality, showing all 20 lines. Since only relatively few plates were of 
inferior quality, the simple procedure of giving the same weight to all plates was adopted. 

Corrections for the motion of the earth and for the curvature of the spectral lines were 
applied to the measured radial velocities. 

II 

In order to investigate secular changes in the orbit a plot was made of the velocity- 
curve, using Rossiter’s period. The most striking feature of this plot was the fact that 
the points for 1938, as a group, were shifted by approximately 0.01 period to earlier 
phases, as compared with the points for the other years (1932, 1933, and 1934). The 
unpublished photometric period by Wesselink,? 12492529, together with his epoch of 
minimum, gave a plot on which the 1938 points were no longer separated from the other 
points, showing that this period represents the new observations better than that of 
Rossiter. The phases in Table 2 are counted from the time of minimum light. 


t Pub. U. of Michigan Obs., 5, No. 6, 67, 1933. 2 Pub. A.A.S., 9, 304, 1939. 
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Date 


1932 Feb. 26. 
Mar. 5.. 
19.. 

Apr. 8 
i ee 

10 


17 


June 0 


July 
Aug. 


Sept. 17 
1933 Feb. 14 


Mar. 16 
June 


1934 Mar. § 


Apr. 6 


* U =underexposed; O = overexposed; P = poor plate; F =slightly out of focus. All unmarked plates are of excellent quality . 


t Rotation effect. 


RADIAL VELOCITIES OF B8 COMPONENT OF 8 LYRAE 
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Wesselink 
Phase 
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84 
85 
85 
85 
85 
86 
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7.978 
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059 
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Rossiter 
Phase 
42.014 
42.772 
42.929 
43.230 
43.235 
43.241 
43 094 
43.700 
43.545 
43.855 
4.081 
44.059 
44 600 
44.702 
14.707 
44.711 
44.709 
44.778 
14.754 
+4..759 
44.9025 
44.9035 
45.003 
45.017 
5.395 
$5. 402 
45.852 
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$5 .570 
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49.947 
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TABLE 2—Continued 














| | 
: | : ‘ Quality 
srt Rossite Wesselink . 
Date Uk: = a Seca Vo o-C of 
= Plate* 
1938 Aug. 18 2:19 2364.213 2364.212 —193.5 + 5.0 O 
18 4:30 64.220 64.219 — 205.6 — 5.8 
22 2:06 64.522 64.521 + 6.8 — 8.2 
22 4:32 64.529 64.529 + 18.9 — 5.8 
Sept. 2 2:44 65.375 65.374 —147.5 — 2.3 
12 1:55 66.145 66.145 —160.4 + 9.6 
Oct. 1 1:30 67.614 67.613 +110.7 — 1.1 
2 5730 67.691 67.691 +155-4 — 3.1 
13 0:47 68.540 68.540 + 32.5 — 4.6 
Dec. 13 23:45 73.255 73.256 —197.4 + 4.0 U_ 
15 23:45 73.410 73.411 —129.5 —18.5 U,F 
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Fic. 1.—Radial velocities plotted against phases computed from Rossiter’s formula 
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Fic. 2.—Radial velocities plotted against phases computed from Wesselink’s period 
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An inspection of this plot showed no striking differences in the behavior of the meas- 
ures made in different years. We conclude that any change in the orbit is either too slow 
or too slight to be noticeable in the interval of time considered by these observations. 

Figures 1 and 2 show the radial velocities plotted against Rossiter’s and Wesselink’s 
phases, respectively. The open circles represent the observations of 1938, and the filled 
circles the observations from 1932 to 1934. It will be noticed that in Figure 1, with one 
exception, whenever the open circles deviate from the average curve, they deviate to- 
ward earlier phases. The open circle at phase 0.410, moreover, represents a plate of very 
poor quality—actually the poorest plate which was measured. In Figure 2 there is no 
tendency for the open and filled circles to follow different curves. In the solution for the 
orbit Wesselink’s phases were used. 


IT] 


Since a graphical solution showed that the orbit was nearly circular, it was decided to 
use the method recently developed by T. E. Sterne’ for the least-squares solution. The 


TABLE 3 


NORMAL PLACES 


Phase Number Range of Phase oc. Velocity O-C 
of Plates 
o. 437. 8 0.096-0.147 + 3.7 —156.5 + 1.8 
211 8 197 220 + 3.3 —197.1 + 1.2 
243 7 223- .272 — 1.9 — 204.8 - 2.9 
23 8 279 303 0.8 gaa) re i ss 3 
391 7 305 4360 mle 3G SESS. 7 cepa 
490 7 442 5290 =i — 19.3 + 2.6 
505 7 534- .595 — o.1 + 05.3 + o.1 
628 7 603- .656 + 4.2 +125.6 + 1.6 
.677 7 662— .690 + 3.8 +153.5 +o0.1 
7rt 8 691 740 + 1.8 +162.2 — II 
767 7 750— .779 ee A | +158. 2 = 2 
542 5 828- .853 Aes 1253 + 3.8 
964 8 937 978 — 5.4 + 2.0 — 0.7 
998 8 983 025 — 6.6 Sas 2.5 
gog* 7 860-— .930 +13.8 + 81.4 10.9 
0 .066* 9 ©.047-0.079 — 5.6 —IIIl.5 — 5.0 
* These normal places were omitted from the least-squares solution because they are near the times 


of maximum and minimum of the rotation effect 


best circular orbit was found by trial. The observations were then grouped into normal 
places of 7 or 8 plates each; these normal places were all given equal weight in the least- 
squares solution. The two normal places nearest to the maximum and minimum of the 
rotation effect were omitted from the least-squares solution. 

The phase of each normal place is the mean of the phases of the individual plates. The 
velocity of the normal place was determined by averaging the residuals of the individual 
plates from the preliminary orbit and by applying this average residual to the velocity 
computed from the preliminary orbit. This method of averaging distorts the curve less 
than does the method of averaging the actual velocitiés, and it was therefore possible to 
group the observations arbitrarily into normal places of equal weight. 

Table 2 shows the results of the measurements. The normal places are shown in Table 
3. Table 4 shows the orbital elements. 7, Sterne’s new element, the ‘‘epoch of the mean 


3 Proc. Nat. Acad. Sct., 27, 175, 1941. 
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longitude,” is the time at which the mean longitude w + M is zero, M being the mean 
anomaly. The computed value of the conventional element 7, the time of periastron 


TABLE 4 


ORBITAL ELEMENTS OF 8B LYRAE 


Preliminary Elements Final Elements and Probable Errors 
K = 183 km/sec K = 183.48 + 0.63 km/sec 
OS oe @ = 310°7 + 829 
¢=.0 € = 0.0236 + 0.0037 
y = —20 km/sec y = —21.24 + 0.48 km/sec 
P = 12%92529 P = 12492529 

asin 1 = 32,500,000 km a sini = 32,602,000 km 

T., = 0.738 (fraction of period) T. = 0.73764 + 0.00062 


= 91534 after primary min. 


= J.D. 2426758.137 
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lic. 3.—Velocity-curve of B8 component of 6 Lyrae 


passage, is 7.708 days after primary minimum. Figure 3 shows the computed velocity- 
curve and the normal places. 

The probable error of one normal place is found to be + 1.74 km/sec, and that of one 
plate + 3.20 km/sec. 


IV 


Table 5 shows Rossiter’s elements for 8 Lyrae. Our value of y is — 21.24 km/sec, 
whereas Rossiter’s value is — 19.02. Rossiter’s measures were derived from two series of 
plates, one before and one after a new prism had been installed in the spectrograph. He 
found a systematic difference of 2 km/sec between the two prisms and applied this cor- 
rection to all measures with the second prism to reduce them to the standard of the first 








FRANCES SHERMAN 





374 


prism. He gives no reason for preferring the first prism as a standard, but he does state 
that other measurers had failed to notice this effect. Had he corrected the measures with 
the first prism to the standard of the second prism, his value of y would have been 
— 21.02 km/sec, which is within the limits of the probable error of our value, — 21.24 + 
0.48 km/sec. 

Rossiter employed the method, often used for orbits of small eccentricity, of keeping 
T fixed and of correcting the other elements by a least-squares solution. W. J. Luytens 


TABLE 5 
ROSSITER’S ELEMENTS FOR 8 LYRAE 


P = 12%921588 (from Rossiter’s formula) 
> = 0.01369 + 0.00181 

‘= 8¢54081 after primary minimum 

= 325-05 + 0°13 

183.71 + 0.23 km/sec 


| 


— 19.02 km/sec 


¢ 
1 
WwW 
K 
7 
ad sin t = 32,600,000 km 
has shown that this procedure gives misleadingly small values of the probable errors. 
The method by Sterne, used in this discussion, overcomes this difficulty. This fact ex- 
plains why our probable errors of the orbital elements are larger than those of Rossiter, 
especially that of w, which would be most affected by the procedure of fixing 7. 

A comparison between Rossiter’s and our elements does not indicate any significant 
change in the orbit. 


It is a pleasure to thank Dr. O. Struve for the suggestion of the problem and for his 
helpful advice. 


YERKES OBSERVATORY 
June 21, 1941 


4 Minnesota Pub., 2, 53, 1936. 
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THE GRATING INFRARED SOLAR SPECTRUM 


III. ROTATIONAL STRUCTURE OF THE CARBON DIOXIDE 
(CO,) BAND v, AT 13.94 


ARTHUR ADEL 


ABSTRACT 

The rotational structure in the positive branch of the carbon dioxide band [(v;, 2v,) — v,], centered 
at 13.9 mw, is extensively developed in the solar spectrum between 13.9 w and 13.0 uw. Rotational levels 
through quantum number J = 64 are represented. The rotation lines are satisfactorily ordered by the 
expression vem-: = 720.71 + 0.789 N — 0.00051 N?, where N is the ordinal number of the line. The 
equilibrium moment of inertia of the CO, molecule deduced from the observations is A = 70.8 X 
104° gm cm’, in excellent agreement with laboratory determinations and with the value obtained from 
the CO, bands in the spectrum of Venus. The low transmission of the terrestrial atmosphere between 
the alternative long wave-length limits of transmission (13.9 w and 13.5 uw) is evident in the grating solar 
spectrum of this region. 


The long wave-length limit of the broad band of atmospheric transmission may be 
reached either at 13.5 uw or at 13.9 u, depending upon the air mass of the observation 
and the water-vapor content of the atmosphere. The decrease in transmission from the 
high value at 13.1 uw to the low value at 13.5 uw is rapid; and between 13.5 w and 13.9 u 
the transmission is either small or zero.' It is worth noting that the zero branch of one 
of the bands of CO, [(v,, 2v,) — v,| lies at 13.9 wu, while the zero branch of one of the bands 
of CO, [(v1 + v2, 3%) — (1, 2¥2)| lies at 13.5 u.2 Between these two points there is not 
only rotational structure of CO,, but there are also strong, broad lines associated with 
water vapor, for example, those at 13.5 u and 13.7 w.' It is the purpose of the present 
note to describe the fine structure in this interesting region of the solar spectrum. 

The fine structure between 13.9 wand 13.0 w in the solar spectrum is shown in Figures 
1-5, inclusive, as it appears in the first order of a 2400-line grating.s The curves are 
plots of the solar energy arriving at the earth’s surface. On each the wave lengths of 
the extremities of the observation are marked, and frequency markers are provided at 
intervals of 5 cm~'. Each of these curves was produced by tracing over one-half the 
envelope of the photographically recorded original. Thus, for example, Figure 4 cor- 
responds to the original observation which is reproduced in Figure 1. For purposes of 
orientation low-dispersion prismatic solar spectra covering this region are shown in 
Figures 2 and 3. They exhibit the extremes of appearance imposed by the correspond- 
ing circumstances of the water-vapor content of the atmosphere and the air mass of the 
observation.' Note that the limit of transmission is 13.5 wu in the right-hand curve of 
Figure 3. 

The solar spectra in Figures 4-8 were observed in the middle of December, 1940, 
through an air mass of about two and with a low atmospheric water-vapor content. The 
limit of transmission provided by Figure 1 is 13.836 uw, in excellent agreement with the 
longer of the alternative limits reached in rock-salt prismatic solar spectra.’ 

The broad, strong lines associated with water vapor are apparent in the fine structure, 
particularly the two at 13.5 uw and 13.7 uw. Each is approximately 5 cm™ wide. 

The narrow-line structure which occupies and characterizes the entire region is the 


™ Arthur Adel and C. O. Lampland, Ap. J., 91, 481, 1940. 
2P. E. Martin and E. F. Barker, Phys. Rev., 41, 291, 1932. 
} Arthur Adel, Bull. Amer. Phys. Soc. (Washington, D.C., meeting, May 1, 2, 3, 1941) 16, 7. 


ae 
oy a) 











WSF) Cr LEIS A 
T4DS  760/C™ 


ic. 1.— The grating solar spec- 


ol ; . 
se 7 4 " trum, 13.341-13.155mu 


Fic. 2.—The prismatic solar 
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to the region between 13 and r4uy. 





Fic. 3.—The prismatic solar 
spectrum with particular reference 


to the region between 13 and 14uy. 
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rotational pattern of the positive branch of CO, [(v,, 2v.) — v.| with center at 13. 9 HM. 4 
Employing a laboratory concentration of CO.,, smaller in amount than that present in 
the atmosphere, P. E. Martin and E. F. Barker observed the greater portion of this 
branch.’ Their curve is shown in Figure 9. A comparison of their laboratory observa- 
tions with the lines as they appear in the solar spectrum is given in Table 1. The lines 
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are ordered according to their initial J values, one-half the lines being completely absent 
from the band because of the symmetry characteristics of the CO, molecule.‘ 

The differences between the two sets of observations are small and systematic. If 
the positions of the lines in the solar spectrum were all enhanced by 0.2 cm™, the dif- 
ferences would become those listed in the sixth column. The greatest ae would 


4 The line J = 25 > J’ = 26 of [(v;, 22) — v2)13-9 w coincides with the zero branch of the 13.5 « band 
of CO, 
5 Arthur Adel and D. M. Dennison, Phys. Rev., 44, 90, 1933. 
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then be 0.2 cm™, while the mean of all the differences would become 0.0 cm™. The ob- 
served positions of the lines in the solar spectrum are well correlated by the expression 
v = 720.71 + 0.789 V — 0.00051 N?, where N is the ordinal number of the line, alter- 
nate lines being completely forbidden by the selection rules.’ For the positive branch, 
N may also be written as equal to J + 1 = J’, the rotational quantum number of the 
final state. 

TABLE 1 


THE POSITIVE BRANCH OF THE 13.94 BAND OF CO, 
IN THE SOLAR SPECTRUM 


SOLAR SPECTRUM (ADEL 
LABORATORY Ml B \ 
AND DEI 


M anp B 
. ' Cm 
] du Cm Cm 

2 13.814 723.90 724.2 +o.3 +0.1 
5 13.754 725-45 725-7 , 0 
7 ES: 459 727.90 727-4 ies nr 
9 £3'.725 728.62 728.9 Re eh 
11 13.695 730.20 730.4 f°) 
13 132.008 731.05 731.5 ‘e) 
15 13.6390 733-19 733-4 ° 
17 13.610 734.77 734.9 i . 
1Q 13.582 730.29 730.5 ) 
21 13.553 737.54 730.0 2 fo) 
23 13.525 739.34 739-5 2 
25 13.497 740.90 741.2 x I 
27 13.404 742.72 

29 13.443 743.90 744.1 9 
31 13.415 745-45 745-5 , 
33 13.355 749.93 747.0 I ; 
35 13.302 745 40 746 5 I I 
37 13.330 749.97 749.9 4 - 
30 13.309 7587 75155 I I 
41 13.282 752.55 753-1 °) 
43 13.250 754.39 754.0 +0 ( 
45 13.229 755-93 

17 13.204 757-37 

49 13.177 750.97 

51 13.153 700. 30 

53 [3.126 701.87 

sc 13.101 793.28 

57 13.074 704.04 

59 13.049 790. 32 

O1 13.024 797 .50 

03 13.001 7090.19 


The equilibrium moment of inertia of the molecule may be computed from the co- 
efficient of the term linear in .\V, provided that we first apply to the coefficient a minute 
correction due to the interaction between the rotation and the vibration of the mole- 
cule.*® We find h/47?AC = 0.791 cm™. It follows that A, the equilibrium moment of 
inertia, is 70.8 X 10~4° gm cm’, in good agreement with the value 71.3 * 1o-4° gm cm? 
recently determined by Dennison on the basis of a re-evaluation of all available labora- 
tory data.° 

LOWELL OBSERVATORY 
FLAGSTAFF, ARIZONA 


6D. M. Dennison, Rev. Modern Phys., 12, 175, 1940. 























THE GRATING INFRARED SOLAR SPECTRUM 


IV. ROTATIONAL STRUCTURE OF THE TWO DIFFERENCE 
BANDS OF CO, NEAR 10 u 


ARTHUR ADEL 


ABSTRACT 


The rotational structure of the two difference bands of CO, at 9.4 wand 10.4 wis present in the grating 
solar spectrum. Weakly absorbed in our atmosphere, intensely radiated by the atmosphere of Venus, 
these bands are of fundamental importance in the measurement and analysis of the temperature radia- 
tion from that planet. 


The carbon dioxide molecule possesses two absorption bands at 9.4 wand 10.4 u.' The 
bands are doublets, having positive and negative branches, but no zero branches. They 
correspond to the transition up to the state v, from the double state (v, 2v.). These 
bands are not manifest in the low-dispersion prismatic solar spectrum because of the 
comparatively small amount of carbon dioxide in the earth’s atmosphere.? They do, 
however, appear in the solar spectrum when there is sufficient resolution to record 
the individual rotation lines, and they have recently been mapped in the spectrum 
of the sun with a grating having 2400 lines per inch.3 The to uw bands of CO, were the 
first infrared difference bands to be subjected to high resolution in the laboratory. They 
have now been well resolved in the solar spectrum. The observed positions of the rota- 
tion lines in the solar spectrum are given in Table 1, except for those in the negative 
branch of the 9.4 uw band, which are intermingled with the rotational structure of the 
9.6 uw band of ozone.? Table 1 also gives the laboratory positions of the lines taken from 
the paper by Barker and Adel.' The differences between the two sets of measurements 
are small and largely systematic. 

The fundamental role played by these bands in the temperature radiation from Venus 
has already been discussed by the author.4 They are intensely emitted by the highly 
heated mass of carbon dioxide in the atmosphere of Venus, but poorly absorbed by the 
comparatively small amount of terrestrial carbon dioxide in the excited double state 
(v,, 2v,). Observations made in December, 1940, through air mass 2 reveal a peak ab- 
sorption of 8 per cent even in the strongest of the rotation lines. 


'—. F. Barker and Arthur Adel, Phys. Rev., 44, 185, 1933. 
? Arthur Adel and C. O. Lampland, Ap. J., 91, 1, 1940 
} Arthur Adel, Bull. Amer. Phys. Soc. (Washington, D.C., meeting, May 1, 2, and 3, 1941). 


4Ap. J., 93, 397, 1041. 
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NOTES 


CH+ IN INTERSTELLAR SPACE AND IN THE LABORATORY 


At a recent conference on interstellar molecules at the Yerkes Observatory, P. Swings 
called attention to three sharp interstellar lines—AA 4232.58, 3957.72, and 3745.33—for 
which no identification was availabie. He suggested that the three lines belong to a 
light-ionized molecule such as CH*, CN*+, C}, NH*, or NOt. The molecule should have 
a small energy of dissociation in the excited state. E. Teller and G. Herzberg suggested 
the CH* molecule as most likely, by analogy to BH. However, at the time no laboratory 
data were available. Since then we have investigated the spectrum of a discharge through 
helium to which a trace of CsHs vapor was added. This spectrum shows three bands 
with heads at AA 4225.3, 3954.0, and 3743.4 A. They have a very widely spaced fine 
structure which can be readily analyzed. Each band consists of three singlet branches— 
P, Q, and R—corresponding to a ‘II — '2 transition. The numbering of the lines 
is found by inspection. The R(o) lines of the three bands have the wave lengths 
AN 4232.57, 3957-71, and 3745.30 A, which agree with those of the three interstellar 
lines given above. Since it is known that in interstellar absorption practically only the 
lines coming from the lowest rotational level of the lower state occur and since just 
these lines [R(o)] of the new bands agree with the interstellar lines, we consider it as 
proved that the three interstellar lines belong to the three new bands observed by us in the 
laboratory and are therefore due to the same molecule. 

A ‘II — 'Y system with a o-o band at about 4300 A is to be expected for the CH* 
molecule, since the isoelectronic BH molecule has such a system in this region. CH* is 
also strongly suggested by the conditions of excitation. The rotational constant Bj’ in 
the lower state of the new bands was found to be 14.0 cm.~', which is close to that of 
CH (B, = 14.189), as one would expect if CH* is the emitter. At any rate the value 
of B{’ shows that the emitter must be a hydride molecule belonging to the second period 
of the periodic system (Li — F). The observation of the band system in interstellar 
space shows that the lower state is the electronic ground state of the molecule. Now the 
ground states of all neutral and singly ionized diatomic hydrides of the second period 
are known with the exception of Lit, CH*+, NH*, and FH*. Since the observed B?’ 
value does not agree with that of any of the known hydrides and since of the four un- 
known ionized hydrides, only CH* can have singlet bands, we conclude that the new 
bands and the interstellar lines are due to the CH* molecule. 

The presence of CH* in interstellar space, thus established, appears very plausible 
in view of the known presence of CH as well as of comparatively large amounts of H+. 

A more complete report on this work including a full discussion of the structure of 
the CH* molecule will be submitted later. 

A. E. DouGLas 
G. HERZBERG 
DEPARTMENT OF PHYSICS 

UNIVERSITY OF SASK ATCHEWAN 

SASKATOON, SASKATCHEWAN 
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The Special Theory of Relativity. By HERBERT D1INGLE. New York: Chemical Publishing Co., 

Inc., 1941. Pp. vii+94. $1.50. 

Much confusion with regard to the fundamental points of special relativity is due to an 
unclear conception of measurement of moving objects. This confusion disappears if one discards 
the picture of a single observer with his measuring rod and substitutes a system of measuring 
rods and synchronized clocks, building a rigid co-ordinate system throughout space with auto- 
matic recording of events at every point. This way of description, which is preferred by Einstein 
himself, has the virtue of fitting organically with the mathematical content of the theory, em- 
phasizing the transformation of the recorded observations from one system to another as the 
crucial point of the theory. 

The fact that in reality we do not apply this extensive system of rods and clocks has led to 
different expositions of the special theory of relativity, introducing the single observer with his 
measuring rod and clock. In the book here reviewed Professor Dingle presents a new variation of 
the “single-observer”’ descriptions. 

In the first, introductory, chapter Professor Dingle discusses the problem of absolute and 
relative motion, without appreciable deviations from common conceptions. In chapter ii he goes 
on to describe the classical experiments of Fizeau, Michelson-Morley, and Kennedy-Thorndike. 
The presentation is the standard one, except, perhaps, for the emphasis that time considerations 
are not necessary for the interpretation of the Michelson-Morley experiment. 

The original contributions of the book are contained in chapters iii and iv. Professor Dingle 
suggests at the outset of chapter iii that the ‘‘physically important quantity is not /, as ordinarily 
defined, but /V 1 — v?/c?, where vis the velocity of the object concerned in the direction in which 
the length is measured.”’ This proposition is here justified by an analogy with resistance in an 
electric wire, where the specific resistance is the physically important quantity, not the actually 
measured resistance. The substitution of V1 — v?/c? for / ‘‘at the very beginning of physics,” 
is the remedy which, Dingle proceeds to show, does cure the classical theory of its defects and 
transforms it into special relativity. He deduces in this way the Lorentz transformations, and 
by defining time measurements 1n terms of length measurements he obtains a similar ‘‘contrac- 
tion” factor for time. The succeeding chapters (v, vi, and vii) are concerned with the Lorentz 
transformation of kinematic, dynamic, and electromagnetic quantities. Nothing essentially new 
is added in these chapters. Where the treatment differs from the usual one, it is based on the 
arguments of chapter iii. 

Professor Dingle states in the Preface: ‘“This treatment exonerates the theory from the last 
suspicion of metaphysics, and seems to me to present it in a form in which its significance for 
both science and philosophy can best be appreciated.’’ Since there has never been any difficulty 
with the purely scientific content of special relativity, the main interest of the book would be 
the new philosophical foundation offered by Professor Dingle. And with respect to this, the 
present reviewer must admit that to him Professor Dingle’s argument has failed completely in 
justifying, or even in elucidating, what is meant by the vague statement that /V 1 — v?/c? is 
“physically important” while / is not. The measured / gives the number of unit measuring rods 
which can be placed permanently between the end points of the measured object. This / rep- 
resents some definite information, which cannot be replaced by 1V1 — v?/c? or 1/V1 — v/c? or 
anything else. Whether this information is important or not depends upon the definition of 
“importance,” and without any such definition the statement has no meaning. Because of the 
importance of lV 1 — v2/c? Professor Dingle states that the number of light-waves of wave length 
\ within a measured length / is 





IV — w/e? 
AV I — v7/C? 


352 











n 
ly 


d 
id 


C- 














REVIEWS 383 


It seems to the reviewer that this is in direct contradiction to a correct statement on the last 
page of Professor Dingle’s book: “We cannot imagine that the frequency of a wave of light will 
cease to be the quotient of the velocity and the wave length, because we define the frequency 
that way.”’ We also define the number of lengths \ contained in / as //A, and even the fact that 
the above formula reduces to this value does not justify any change in this definition. It should 
also be mentioned that the above formula, which is considered as an explanation of the null 
effect of the Michelson-Morley experiment, affords the same explanation independent of the 
contraction factor. 

Professor Dingle points out repeatedly that nothing has been changed fundamentally in the 
relation between time and space by special relativity: “In the classical equations [of transforma- 
tion], the expression for x’ involves / no less than do the relativity equations. All talk of the 
nature of space and time is therefore quite irrelevant to relativity. ... . It [the relativity of 
simultaneity| has nothing to do with experience, but only with calculations.” 

This seems to give the impression that there is nothing physical behind the peculiarities de- 
duced from the Lorentz transformation. First, it is not the presence of ¢ in the expression for x’ 
which causes the “unification” of space and time in relativity, but the presence of x in the 
expression for ¢’. Second, this “unification” has a physical meaning, which becomes obvious if, 
instead of the single observer, one makes use of two relatively moving mesh systems and takes 
simultaneous snapshots, in system I, of all the clocks in system II. When compared later, the 
snapshots will present the clocks of system II showing different times, although they are 
synchronized in system II. This is not the case in classical theory, and the effect is, apart 
from its smallness, as physically real as any. 

The last chapter of the book gives a schematic description of general relativity and some 
points of criticism of the use of geometrical analogies for space-time. The discussion is too short, 
however, to penetrate to any depth. It may be that the limited space into which the whole con- 
tent of special relativity had to be compressed has prevented Professor Dingle from presenting 
the fundamental philosophical ideas in a satisfactory manner. As it is, the value of the book lies 
not so much in its philosophical interpretation of special relativity as in providing a useful 
mathematical rule for effecting the transition between classical and relativistic theory. 


GUNNAR RANDERS 
Verkes Observatory 


The Analytical Foundations of Celestial Mechanics. By AUREL WINTNER. Princeton: Princeton 
University Press, 1941. Pp. xii+448. $6.00. 


The author has given much of his time during more than twelve years to a critical examina- 
tion of the purely analytical questions of celestial mechanics. It is fortunate for those directly or 
indirectly interested in this field that he has given in this volume a coherent presentation of this 
comprehensive subject. An outstanding feature of the general arrangement is the tersely written 
collection of historical notes and references. They cover some thirty pages at the end of the book. 
By this arrangement, frequent interruptions of the text were made unnecessary, and the reader 
obtains at a glance references to particular topics that will guide him to original publications. 
Although no precise historical study of the literature of the problem of ” bodies was intended, 
this collection of notes deserves the attention of anyone who may wish to undertake such a 
study. 

Needless to say, the author addresses himself to the ‘‘e-trained mathematician.” In this con- 
nection it may seem superfluous to read the statement that he has “‘tried not to repel that 
regrettable majority of younger mathematicians who have had no contact with theoretical 
astronomy.’ No obvious attempt was made not to repel that majority of theoretical astrono- 
mers who are not too well trained in modern mathematics. In order to study the book, they must 
first acquaint themselves with an unfamiliar terminology and an abstract theory of canonical 
systems of differential equations. 

The purpose of the book is clearly stated in the first two paragraphs of the Preface: 


‘ 


The original plan was to present a systematic account of the methods and results of the theory of the 
periodic and related particular solutions of the restricted problems of three bodies and its extensions, and 
to arrange everything else around these fundamental solutions. 

However, during the progress of the work it became more and more clear that a systematic presenta- 
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tion of the mathematical theory of periodic solutions and their applications to the problem of the solar 
system, on the one hand, and to Strémgren’s numerical investigations, on the other hand, must be pre- 
ceded by a modernized treatment of those analytical aspects of the general theory of canonical systems 
which were originated by, and are still fundamental for, Celestial Mechanics as a whole. 


This introduction is presented in the first three chapters of the book. The first two chapters 
are particularly general and abstract; in the third chapter the quadratic structure of the dynami- 
cal Hamiltonian function is taken into account. Here, also, one finds a detailed treatment of the 
case of one degree of freedom and that of two degrees of freedom, as an introduction to the re- 
stricted problem of three bodies. A chapter on the problem of two bodies, limited to its theoreti- 
cal essentials, concludes the introductory matter. These four chapters occupy over one-half of 
the book, but it is only due to their completeness that the presentation of the ‘Problem of 
Several Bodies” in chapter v and of the “Restricted Problem” in chapter vi could be made so 
relatively brief. 

In this last chapter the reader familiar with the astronomical literature of the subject finds 
himself on better-known grounds than in some of the earlier chapters. Here Hill’s pioneer work 
on the curves and surfaces of zero velocity and his work on the variation orbit of the moon occupy 
a prominent place. This discussion stops ‘‘at the border of the still unknown land of the small 
divisors in classical celestial mechanics.” 

The style, though difficult, has the qualities of freshness and candidness. Frequently mathe- 
matical proofs are accompanied by comments that interpret the results arrived at or indicate the 
scope of their usefulness. One of these comments may be quoted. It occurs after the introduc- 
tory paragraphs of chapter v: 

Many of the results of the following sections will hold not only in Newton’s case of gravitation but for 
almost any value of the exponent A, and often also for cases in which U is not homogeneous. Unfortunate- 
ly, this situation must not be looked upon as an expression of the enchanting generality of the results to 
be obtained, but rather as a drastic manifestation of the fact that practically everything that is known on 
the problem of » bodies is superficial enough to hold without the explicit assumption [of the Newtonian 
law of gravitation] also. 

Many readers of this significant book will regret that the final plan led to the omission of a 
detailed study of periodic orbits and related subjects. Perhaps we may hope that a separate 


volume on these matters will follow in due course. 
Dirk BROUWER 


Yale University Observatory 








